


F_ORDER NO. 61-13

This report has !_een

approved for re._ ."._

to ASTIA by Te. hrd,;_'

Heports Sect._ _n

April 1961

ARMOUR RESEARCH FOUNDATION

of

ILLINOIS INSTITUTE OF TECHNOLOGT

Technology Center

Chicago 16, Illinois

' i.

ARMOUR RESEAP.CH FOUNDATION

FINAL REPOEI

LUNAR DRILL STUDY PROGRAM

Ao V. Dunzila and J. A. C_,pl_ell

issued in

January 1961

i

i;

t

fOE

Jet Propulsion Laboratory
Pasadena, California

under

Contract No. !1-33554

(AEF Project No. K208)
A Subcontract under NASA Contract No. NASty6

° - .. .F"

"_ |/"
i,



FOREWORD

.It-: I _- .'

!

i

i.

This is the Final Report, ARF No. 8208-6, on the "Lunar Drill Study

Program," covering work performed from August 15, 1960, to December 15,

1960, by Armour Research Foundation (ARF) for the Jet Propulsion Labora-

tory (JPL), Pasadena, CaLifornia, under Contract No. N-33554, A/%F Project

No. K208. " - .

The following ARF personnel made _ontributions to this program:

W. H. Baler, J. A. Campbell, N. W. Care),, C. J. Costanti-lo, A. V. Dund-

zila, F. M Freis, D. P. Grover, G. W. Kalal, N. A. Well, and R. S.

Weiner. :

.. Respectfully subn_itted,

ARMOUR RESEARCH FOUNDATION OF-

ILLINOIS INSTITUTE OF TECHNOLOGY

W. H. Ba/er, Project Engineer

'z

t

APPROVED-

N._W._upervisor

Space Systems

W. D. Bobco, Assistant Director
.... :banjos P_search

AVD/$AC/WHB :pahlmJw

f

!-.

!
e

,i

U ARF 8Z08-6:

Final Report



ABSTRACT

I "/'3

o.

The purpose of th/I project was the generation of quantitative engineer-

ing information needed for technical definition of feasible devices to perform

various types of remotely controlled drilling operations from a spacecraft

placed on the moon.

The study was intended to use existing applicable geological driU/ng

performance data, with major efforts concentrated on problems posed by lunar

environment, lunar vehicle capacity, and the very drill unit concept develop-

ment. Unfortunately, the existing Literature contributed negllgible amounts

of specific drilling data; thus, the project was reoriented into two major

phases: experimental data gathering phase and lunar drill concept selection

Itudy.

The experimental drilling phase contributed room environmental drill

data for the parametric systems analysis and dimensional analysis and played

a major part in the drill unit concept selection. A numbe_ of drill unitcon-
r

cepts and relating mecha_ism_ were studied: the rotary-impact method was

determined to be the most suitable for the lunar drill application.

It is recommended that several of the areas studied be further inveIti-

gated in the immediate future in order to give a more'complete understanding

of the problems involved.
t
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I. INTRODUCTION

A. Lunar Drill Requirements

This program was designed to generate quantitative engineering

information needed for the technical definition of feasible .devices for

performing various types of automated drilling operations from a spacecraft

placed on the moon and to provide a limited number of preliminary design

studies of such devices..

The salient aspects of the environment in which lunar equipment is

to operate are: the essentially complete absence o5 an atmosphere, the

high surface temperature during the lunar day, the low surface temperature

daring the lunar night, the long time periods during which these temperature

extremes exist, the low gravitational potential (approximately I/6 g).

Since the properties of the lunar subsurface materials are uncertain,

the drLlling system must be capable of drilling through materials with

properties similar to those of solid hard silicates, as weU as finely divided

materials with various degrees of compaction.

The equipment is to withstand a landing deceleration of as much as

I00 g's, as well as the lower level, but longer duration accelerations and

vibrations imposed during launch and retrorocket operation and is to be

integrated into the space vehicle.

Primary emphasis in the design cf the lunar exploration equipment

is in maximizing reliability while minlm/zing weight and size..

The following non_2al drill system capacity is to be considered:

I. Drill unit weight is not to exceed 60-1b for the immediate application.

2. The operation Is to be performed with a 50-11) maximum load for
immediate application and to have a growth capacity up to Z00-1b
load.

3. The unlt is to drill a I. S-in. -diam. hole up to 60-in. deep and to have
definite growth potential

4. The unit is to operate at minimum power levels 'and feature low
total energy requirement.

5. The drill is to penetrate rocks ranging from sandstone to granite.

!

J
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B. Drillin_ Survey

I. Introduction

p

The comparison of various driUing methods for the lunar drill

application, in which materials ranging from Berea Sandstone to Gabbro

Granite may be "encountered, requires that many engineering variables

be considered. Size and depth of the hole, lunar environment, contamination

of the hole, and range of materials to be drilled, all influence the choice

of drilling methods and hence the drill unit itself. DrUl unlt weight.

available downward thrust, requirement for a low vibration environment,

need for semi-automatic or remotely controUed operation, reliability,

simplicity, capability of power sources, and sequencing requirements,

are dictated by the lunar vehicle capacity.- The mission of the 1treat drill

requires .that material samples from known depths be delivered to a locatlon

where they can subsequently be pulverized (if necessary) and delivered to

various scientific analyzers. In addition, the drilled hole must accept a

scientific probe.

Many drilling techniqes are available for geological and masonry

work today. Nonmechanical methods, such as flame, arc and chemical

drills are receiving considerable engineering attention. Mechanical

techniques - rotary, impact, and rotary-impact are wldely used and offer

possibilities for the lunar application. These will be considered in detail.

Analysis and evaluation of drilling mechanics involves the consideration

of a number of parameters These are: drill loading (thrust). depth and

diameter of the hole, penetration rate, torque, power, rock strenght.

and, in the case of rotary-impact devices, impulse and frequency'

Relatively recent developments, discussed below, have provided additional

data concerning the factors of drillability and the universal indexing

function

This qualitative review of rock mechanics is, of course, based largely

on the results attained for the geological drilling industry Manual operation.

economy, dimensions, power and structural facilities, as well as other

factors, iniluenced investigative aims and approaches in the problems

AIINOU| IIESEAIICN FOUNDATION Oil ILLINOIS INSTITUTE OF TI|CNNOLOG¥
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studied therein. Lunar drilling considerations place emphasis on factors

that were either completely ignored or considered outside of practical

range in the past. As a result, this study concerns a new area in the field

of drilling.

2. Drillin_ Methods

The basic principles of rotary and impact penetration have been

known for centuries. However, the availability of applicable prime movers

and advances in metallurgy were required to initiate modern drilling

technology. Surprisingly enough, many drilling concepts are old. Stimu-

lated and financed by metal working and geological exploration industry,

some of the concepts were proposed more than I00 years ago as shown in
i

the list below. {Ref. 81, 86).

• Flame drill, 1853

Bottom-hole rotary hydraulic motor. 1873
!

Electric arc (British patent}, 1874

Conventional rotary, 1884

Chemicals to soften rock. 1887 1

Bottom-hole electric pe_cussor, 1890

Bottom-hole electric motor, 1871'

Bottom-bole hydraulic percussor, 1900

Retractable bit and bottom hole motor, 1902

Rotary-impact drill. I?Z2

Reelable drill pipe, 1935 ,

• Abrasive laden jets, 1941

Shaped explosive charge, 1954

Pellet impact drill. 1955.

Many authorities agree that development of more efficient drilling

methods is retarded because of a lack of understanding of the basic earth-

boring process, Despite this lack of information. & variety of systems are

in use or under promising development today. Generally. these systems

are classified by their "rock-attack" means and are so reviewed in the

brief descriptions in the paragraphs that follow.

AIIHOUII IIESEAIICN I:OUNDATION OF ILLINOIS INSTITUlrl GIC T|CNNOLO@¥
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a. Rotar_ Impact DriUs

Drilling rate can be increased by adding vibratory eneruy to already

available rotary power. Electro-magnetic conversion, eccentric weights,
J

and pneumatics are used to produce this vibratory motion. Existing

development efforts are aimed toward geologicaA drilling where relatively

large holes {3-to-8-in. -diam. ) and, as far as the lunar drill system is

concerned, unacceptable power demands {I0 to 20 hp} are contemplated. "

b. Pellet Impact Drill

The pellet impact device utilizes high velocity peUets to impinge on

the rock and cause rock failure. Energy is supplied to the peUets by means

of a fuid, which makes the method u_cceptaMe for lunar drilling. The

calyx drill, for example, is basically a miniaturized pellet system. In

these drills, srnall steel shot provides a constantly renewed cuttinE edge

for the tool. Shot is pumped down with drilling fluid and is circulated at

bottom of the hole un_l consumed.

c. Shock Wave Drill :

The basic concept of the shock wave drill involves shock waves
i

traveling through liquid to deliver crushing loads to the rock.

de

rOCk.
t

Explosive Drills

Explosive methods employ a shaped charge to disintegrate the

e. Down Hole Prime Mover Types

Down hole prime mover drills are of two types; turbo- and electro-

drills. Turbo drills transmit large amounts, of power to the bit through the

drilling fluid. In electro drill designs, the prime mover, an electric motor,

is integrated into the top of the drill bit. Both designs are aimed at eliminat-

ing the rotating drill pipe. .

r
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f. Nonmechanical Drill Means

Chemical flame drills use high temperatures to span rock. The

electric arc is being developed as a replacement for chemicall F supported

combustion. Abrasion-erosion principles and chemical rock softeners.

'such as sodium carbonate or sodium hydroxide, have been utilized for hole

formation.

g. Rotary Drilling : '
t

t

For relatively shallow hole geological drilling, masonry work. metal

working industry, solid or coring type rotating drills ar e used. Fluids and

flutes of various auger designs suffice for chip removal and transportation.

A. variety of materials are employed for cutting edges, including hardened

steel, carbide tips, and diamond bits.

h. Summary and Recornrnendations

This evaluationwill be focused on the pure rotary, and the combined

rotary-impact drills becuase none of the other drilling methods meet all of

the lunar drilling requirements as stated below.

1. The drill unit is to be of low weight.

2. The power demands are to be maintained at low level, approximately

one horsepow_ or less, during the drilling cycle,

3. The unit is to drill the hole in t_ lunar vacuum.

4. The unit is to operate in subzero temperature range and to
drill at - 244" F.

S. The unit is not to deposit appreciable amounts of foreign material

in the hole nor is it to contaminate n_terial samples.

6. The operation i8 not to change the chemical composition of material
sa_Iples.

T, The operation i8 not to change physical characteristic8 of the

pulverized samples or the hole walls.

8. The operation is to be performed with a S0-to-200-1b external
load.

9. The unit is to deliver samples from specified depths.

10. The operations a_e to be reliable and simple.

AIINOUII |SS|AliCN FOUNDATION OF ILLINOIS INSTITUTE OF TECNNOLOO¥
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11. The unit is to survive the flight and landing environments.

12. The unit is to penetrate material ranging in composition from

sandstone to granite.

13. The operations are to be monitored so that either preliminary
information or substantiating data are available to indicate

the type of material drilled.

' 14. The unit is to drill a I. S- to 2-in. diam. hole, up to 60-in.
: deep and to have definite growth potential

These considerations serve to map out a lunar drill unit. With

either a pure rotary or a rotary-impact means of drilling, the device will

feature a feeding-retracting and power conversion mechanism {e. g.. electric

motor) located above lunar surface. Power will be transmitted to the drill

bit by means of hollow shafting. In case of a pure rotary drill, a coring

carbide tip or coring diamond drfU will be employed. Core and/or

pulverized material transportation methods will be used to clea_ the hole

of debris and to deliver material samples to the spacecraft. No cooling

_vould be required for a rotary-impact device; intermittent drilling would

provide sufficient heat _ontrol for the carbide tip coring drill. Diamond

drLlls would require an accurate bit temperature control. Spare bits may

be requLir_d for pure rotary techniques'

3. Physical Properties of Rocks:

Drill performance is a function of the type of material drilled. In

geological (ref. 93) drilling, continuous efforts are being exerted to classify

rocks according to hardness, toughness, and abrasiveness and to use these

classifications as a criterion of the ease or difficulty with which they may be

drilled. On a large scale, these attempts have met with little success.

Drilling perpendicular or parallel to the strata of the same rock produces

different results; fine grained rocks of granular texture are _r more

difficult to drill than equivalent rocks of coarse texture; silicified rocks

are very hard but shatter very easily. .

Thus, for a hand-held impact drill ref, 93 has proposed the following

• definition of "drillabilityn:

£1iMOUII II|||&ll¢ld FOUNDATION OF ILLIMOI| Ili|l'llrUl'l OF lr|¢NNOl.Oilr
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"The drillability ofa rock shall be that penetration speed
expressed in inches per minute obtained when drilling a
typical rock specimen using a 2-I/2 inch bore rock-drill
of 44-50 )b weight with a I. 375 inch diameter cross-bit on
a 2 ft 0 inch length of 7/8 inch hexagon collared drill rod;
the working air pressure at the inlet air nozzle of the driU
to be 70 Ib per square inch gauge."

In the above definition, physical properties are ignored, and data for cost

estimation is of primary concern.

In lunar drilling, the physical properties of rocks must be taken

into account. R. Simon (ref. 84) defines a so-called driUing stz_ngth

parameter, a measure of that rock property strength directly related to

the proces_ of dr1"lling rock. It is defined as the ratio of the kinetic energy

contained in*a unit length of a cutting chisel edge to the average cross-

sectional a_ea of crater formed by the edge for a wedge with a 90* included

angle. The value of thi_ parameter is found by means of a drop test, in

which the ratio of total impact energy of a cutting drill to the volume of the

crater for_med by it for a long wedge is found. End effects are neglected.

Drilling strength is believed to be related to other material

properties such as tens/le, compressive, and shear strengths. Unfort-

unately, this relationship is not as yet known. However, typical values for

the drilling strength are: Indiana limestone (II, 000 psi} and Columbus

limestone (40, 000 psi}. ' ' "

Work by various researchers is continuing to derive some indication

of performance from the "classical" material properties such as compression
°

strength, hardness, abrasiveness. With the above in mind. the Fhysical

Properties of Typical American Rocks are presented in TaMe I,

Abrasiveness of a given rock is a function of rock composition.

especially silicon content and grain size. A rigorous classification is

difficu/t to establish, but general rules have been found: metamorphic rocks

are considered more abrasive .than igneous, igneous rocks more abrasive

than sedimentary.

• . . . .
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Because of possible heat transfer control requirements, especially

in diamond core drilling, thermal constants that might i_luence the drUl

section are shown for representative classes of materials below (ref. 89 )o
."

i o • ..

THERMAL PROPERTIES OF ROCKS

• Sandstones .

Thermal conductivity,
Btu/hr/ft/° F

Specific heat, Btu/lb/*F

Thermal diffusivity, ftZ/hr

Coefficient of thermal

expansion, in./in./*F

1.5

0.21

Granites

,. 1.6

4I _o
• o .

0.19
0.044 0. 050

5. 3 x 10 -6 4.6 x.lO -6

\

t

4. Drillin_ Mechanics ,

The successful combination of pure rotary and pure impact (often

caUed "percussive") drilling techniques has led to wl_t is known today .....

as the rotary-impact drilling technique. The mechanics of rock breakdown

in rotary drilling, and those of fragmentation in impact drilling, form the

basis of present,day knowledge on the topic of rock penetration.

a. Rotary DrilLing
i

The rotary bit bores into the rock along a helical path under the

combined action of an axial force on the drill and a rotary torque applled

to it. This action results in planing off the rock in front of the cutting edge.

Achaal rock breakdown occurs in the foLtowing manner.

I: A buildup of forces and deflection of the bit takes place until
a sudden fracture of the rock occurs.

Z. A rapid release of stored energy in the deflected bit takes place,:"

causing the bit to impact upon the rock.

3. A buildup of forces again occurs, with some failure of the rock
along the irregular lines of the fracture rock and new contact

AtMOUI J&S£A|CN FOUNDATION O1= iLLINOIS INSTITUTE OF TECUNOLOGV
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plane. This action continues till the next fracture occurs, corn°

pleting the cycle.

Studies indicate that reaction of the rock to the bit load is influenced

by friction between the rock and the face of the cutting tool and by the

compression strength of the rock. Geners/ly, two theoretical conclusions

are supported by experimental evidence:

I. The axial load for a given penetration rate varies directly with
the area of the wear flat.

2. The torsional moments required are the sum of the torque

required for cutting pressure and that of frictional drag.

Unfortunately, the frictional drag varies through an appreciable

range. In addition, high axis/loads, hence high frictional Io_ds, Are

unavoidable. If these axial loads are not maintained the drill cannot maintain

contact with the rock.

: Drill wear characteristics appear to be strong functions oi axial

loading (ref. 87 ). At low loading levels, cutting edges appear to be bouncing

over the surface of the rock, restdting in predominantly abrasive action.
i

At high rates of penetrations (per revolution of the driU), the bit

deteriorates because of overloading of the cutting edges: Chipping of the

tool occurs, and the bit suffers an impact fractuz_. This tool chipping

phenomenon is appra_tly evident in hard rocks even at "ideal Ioadings. II

Thus, for a given axis/load, two parameters are evident: rock hardness

and rotations/speed.

The cutting mechanics of diamond drills differ from those of carbide

tools. Here, dependent upon the rock being drilled, the drill either breaks

the bond holding the rock particles together or cause conchoidal fracture

of the material itself. That the loosened rock particles be removed before

a succeeding rock fragment is formed is vitally important. Thus, a proper

flow of flushing medium is imperative for successful drilling. Sufficient

cooling is required, primarily to protect bit matrix material. Efficient

diamond drilling is a very strong function of the pressure on the bit, rate

of rotation, sludge clearance, and drill vibration. GeneraUy, diamond

drilling is performed at lower rotational-speed-to-axial-feed ratios (I00 to

400 rpm/in. ) to avoid polishing. Although the demands associated with

ASIqOUII ItESEAIICN FOUNDATION OF ILLINOIS INSTITUTE OF TECNNOLOGV
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diamond drilling are exacting, the technique is very effective in hard rocks.

However, performance drops in softer materials.
• t

, b. Impact Drilling ..... .....

Impact drilling is the result of successive penetrations of a

symmetrical wedge-like tool into • the rock: An all-metal tool is given 'an

impulsive blow to drive it into the rock, and, then, after contact with the

rock is made, the tool is free to rebound. The mechanics of fragmentation

can be visualized in stages: . :.... . • _ -

I. Crushing of rock surface as the bit ma_es initial contact. "

2. Elastic deformation of the rock' . . _ • i

|. o • .• •

3. Pulverization of rock beneath the point of contact. Concurrent

with the pulverization phenomenon, & stress wave is propagated
along the path of least resistance, which results in a rock
fracture.

4. Chip production. Fracture relieves the stress and the force

between the rock and bit is reduced. Dependent on the energy •

stored in the tool. the bit may continue down through the ;
: pulverized region causing a second fracture to occur or the"

rock may go through elastic deformation only, causing the
bit to rebound.

Actual penetration time during a given cycle is a srna11 percentage of

the cycling period. The remaining time is occupied in rebounding and in

positioning the bit for the next cycle, Experimental results have been given

for low overall penetration rates in •pure impact d_.illing.

Wedge geometry plays an important role in the successful impact

drill design. Theoretically, acute wedge angles are desirable, however, the

usual wedge employs a compromise angle that considers both fracturing

potential and bit wear characteristics. The bit is under compressive loads

throughout its working phase of the cycle. • . ..

• . .

:. : _ -. _ .
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The cutting tool must be indexed or positioned from cyc!e_to_cyc!e

to avoid impacting continuously at the same point; {ref. 84 ) has developed

an indexing function to determine the optimum angle of rotation between

blows. Axial loading influences the rate of penetration. Low loading produces

"chatter" {overall contact time between the cutting wedge and the rock face

is too short}. Correct loadings lead to maximum penetration rates and

maximum benefit from each blow. Excessive loads linAt rotation and reduce

penetration rates.

In summary, impact drilling is applicable for hard rocks, though

fragmentation mechanics are not efficient. This statement is confirmed

by the presence of a large percentage of very fine rock particles, which

indicates a waste of energy. Penetration times occqpy only a small part

of the total cycle period, as was mentioned earlier.

• t , '

c. Rotar)r-lmpact Drilling

The rotary-impact drilling technique contains elements of both of

the two above systems. No fundamental analysis of the n_ chanics of the

system has been proposed as yet_ but the following model is visualized.

First, the tool bit is assumed to be rotated against the rock face with

insufficient load to cause failure. Then, an impact is delivered in the

direction of the resultant vector of the tool bit force field, increasing the

stress in the rock. The rock then fractures at a lower value of the rotary

mode force field than that required in pure rotary drilling. The stressed

rock below the bit tip is pulverized or fragmented, as in impact dri11Ing.

.Following impact the bit rebounds and is then rotated forward to a new

impact as in rotary drilling.

Impulse and frequency of the blow must be correlated with

rotational speed and axial load. Thus, the bit must withstand imposed loads,

and the impact must be such so as not to exceed optimum penetration depths,

which would result in rotary staUing. Frequency of the blows, axial loadinE,

and rotational speeds can be optimized for maximum efficiency, If one drill

parameter assumes an unfavorable value, performance drops.
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d. Comparison of Drillin_ Methods

Fairhurst and W. D. Lacabanne summarize the characteristics of

pure rotary and pure impact drilling in the following statements and then

argue that rotary-impact drilling tends to eliminate the major disadvantages

of each. while retaining the main advantages:

I.

.

Impact Drillinl[

a. Can be used in most rocks.

b. Does not require heavy axial loads.

c. Utilizes a mechanically robust.

d. Has a limited penetration rate.

e. Is an inefficient method of breaking rock.

Rotar]r Drillins

a.

b.

Ce

d_

e.

f.

go

Is limited to use in soft and mediLu_-hard rock.

Req_res heavy axial loads.

Utilizes a structurally weaker drill bit than that for

pure impact. ."

Under suitable conditions, is capable of high
penetration rates. 1.

Approaches a continuous cutting cycle.

Is more efficient than impact drilling.

Cannot be used in abrasive rocks.

rotary-impact drilling methods.

below:.

Penetration rate is compared in ref. 87 for rotary, impact and

The results of the reference are shown

!.
!.

I"
0-

L' ," .

• .
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Rock Type Drilling System

Irnpact
Sandshale Rotary 60.0

Rotary-Impact --.-

6.1

Penetration Rate.
in. /rain.

II.0

Impact

Sandstone . Rotary ....

Rotary-lmpact 57.0

Impact ....

Very Hard Rotary 20.6
Sandstone

Rotary-impact 46. I

Penetration rate vs. applied load is presented qualitatively for the three

methods discussed. The successful design compromise resulting from the

use of rotary-impact drilling is evident {Fig. I).

Rate of bit wear has been considered by some investigators and will

influence the lunar drill design. The results of an investigation by Lacabanne

are shown in Fig. 2.

5. The Drill Bit

Two major bit types may be considered for lunar drill application:

(a) solid and (b) coring bits. For this application, the test program completed

as a part of this study showed a rotary-impact drill _tillzing a solid carbide

bit to be most suitable. There was an indication however, that a carbide

coring bit may also prove satisfactory. If pure rotary drilling is to be used.

only the coring bit is acceptable and then only if cooling is provided. From

& theoretical point of view, these choices are dictated by the factors of

rock hardness and fragmentation, structural strength of the bit. allowable

axial load, and power considerations. In the ARF testing program, the

&bore were the only bits that would penetrate the hardest xru_terial avail&ble,

namely, Gabbro granlte.
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Penetration Rate Versus Applied Load

I @

o

Applied Load •

Fig, I Ref. 87

i.

Rate of Bit Wear

I (_ Impact Drilling

Slate I" - _ Rotary-lmpact Drllllnll

Sandy Slatel _ (_ Rotary Drilling

Medium Sandl L _ _ -,, .. I

HardSand _ __ _ l.

Very Hard Sand! _ _! _

o 4 _ 18 _ 14) I_0

Rate of Bit Wear. mm per hr

Fi i. 2# Ref. 83
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a. Solid Bits

The bit (also designated as insert) may be positioned in the tool

shank in one of several possible ways. The simplest is that in which the

bit is placed diametrically across, and perpendicular to, the cross-section

of the shank. Another syrnmetrical design features four bits, placed

radiaUy at 90* from each other ('crossbits'). Their inner edges are

separated to provide a small radial clearance at the shank centerline. Bits

of unsymmetrical patterns are also available. In all designs, the effective

radial width of the bit exceeds the diameter of the tool shank. On the

average, the wedge angle of the bit is approximately 90*, the axis of

which is not necessarily perpendicular to the rock surface. The fiat face''

of a noncoring bit is ground to an approximate included angle of 150 °, where

180" would represent a plane perpendicular to the shank axis." " "" "

Most inserts are made of tungsten carbide alloy, featuring high

compressive strength and resistance to abrasive wear. However, tens_e

strength requirements must also be considered since the tensile strength .

of tungsten carbide is only 1/4 its compressive strength. Since rotary- ..

impact loading stresses the bit in tension and compression, overdesign and

conservatism must be resorted to, in the interests of reliability. Specific

properties of the recommended aUoy are largely influenced by its cobalt

content.

3udging from ARF test results in Concrete, Sandstone and Gabbro

granite, cooling presents no problems.

b. Coring Bits

As the name irnplies, coring bits produce holes of annular cross

section_ This statement holds true only for very shallow holes: the very

process of drilling, with its associated vibration, friction and - sometimes

- heat phenomena, results in circular boles, when the drill and the core are

retrieved. Basicall"y, the drill consists of a hollow cylindrical steel shank,

with cutting bits that protrude beyond the outer and the inner radius of the

tube inserted in the lower edge.
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When compared to pure rotary solid drills, energy is conserved when

coring methods are utilized. For identical hole diameters, energy is used

up to chop and pulverize the rock of a srnaUer net cross-sectional area.

Coring driUs penetrate hard rocks much more rapidly: for a given rotational

speed, no center portion of the tool has an effective radius equal to zero

and thus zero velocit F.

Coring drills are n_.ade with both tungsten carbide and diamond

bits.

(])
"i

Tungsten Carbide Corinj[ Bits

Froma metallurgic_ viewpoint, tungsten carbide bits used for rotary

drills are designed by employing sim/lar considerations to those in the

design of rotary-impact drills. The geometry of the bit is different, however,

due to an emphasis on purely rotary motion, the higher tangential velocities

required, and ]_rger tensile loading characteristics encountered. "'

Efficient drilling requires incorporation of a moderate coolin S capability

as a result of the smaller overaLt heat capacity and conduction area afforded

with the honow shank as compared to a solid shank. Three to eight cutting

inserts, spaced at either regular or irregular intervals, are Used on dril_

of moderate diameter.

(2} Diamond Coring

Up to 500 srnaU diamonds (ref. 88 ) (8 to 90 pieces per carat} are

set into a cast metal or a powder metal matrix to form the diamond'coring

bit. Setting pattern is of importance, as is the matrix material. The

diamonds are set to project beyond the outer and the inner radii of the

cylinder and to face the bottom of the hole. The diamonds and matrix

metal both wear during dri/ling, the latter at a slightly higher rate, which

exposes additional diamond cutting area. Proper amounts of flushant are

imperative to remove pulverized rock and to cool the bit matrix material

GeneraLly, diamond drilling is performed at higher rotational speeds than

carbide tip rotary drilling. This technique is very effective in hard rocks.

mllqOUl IESEAICN FOUNDATION OF ILLINOIS INSTITUTE OF TECIINOLOGY

- 2O - A/iF $205-6
FimL1 Report J



I
J

6. Chip and Core Recovery

a. General

All drilling systems feature provisions for removal of pulverized

and fragmented rock from the bottom of the hole. Chip transportation is

needed to expose new layers of rock to the bit face, in order that axial

thrust can load the bit in the designed manner and to ensure that no energy

is lost in damping-cushioning or further pulverization mechanics. In

diamond bits, where actual protrusions of the cutting edge are small, chip

transportation is of utmost importance because of possible dulling effects.

Rotary bit tools often su_fer from clogging (ref. 93), which can be traced

to inadequate chip and pulverized rock removal from the cutting area. In

addition, the lu_r drilling experiments require pulverized rock for

scientific exarnin_tio_

Generally, core recovery is dependent upon composition of rock

formation. Tn hard, uniform rocks, core recovery may reach 1DO%.

In soft, cleavable strata, u_ess the drill bit is raised every few inches,

recovery can be as low as I0_0. For good recovery in hard rock, the drill

should be run at low speed and heavy axial loading , while, in soft rock,

the reverse is true. Core recovery concern is of major importance for

the lunar drill application for several reasons: to permit utilization of

available energy for actual drilling rather than pulverlzation of the coring
!

rock volume;,to ensure raising solid core pieces for additional experiments,

such as vidicon inspection; and to produce clean holes for subsequent

scientific probing and logging techniques.

b. Chip Recovery

Fluting and flushing methods are used in the drilling industry for

chip recovery. The rotation of fluted helical shanks or auger mechanisms

is sufficient to raise chips from moderate depths of a few feet. This method

is suitable for rotary drilling and is diHicult to surpass for its inherent

simplicity. Rotary-impact devices employ fluting designs in the same

manner; however, the effective depth of the hole over which flutes can be

used for chip recovery has not yet been determined.
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c. Core Recovery

Cores are recovered either by flushing methods or mechanical means.

Flushing techniques employ liquids only. As an example of the mechanical

means, the drilling industry employs the wire-line core barrel method,

which features core removal without raising of the drill bit. During drilling,

the core barrel is held in place within the bit.' A wire-line lowered through

the center of the drill shank is hooked onto the •core barrel and the core

raised. . "

Mechanical (caroming) techniques that cause a pair of arms incorporated

in the drill shank to grip the core appear, in ARF studies' to show promise

for the lunar drill application. .

d. Lunar Environment Effects on Chip and Core Recovery

Certain aspects of lunar environment, such as low temperature,

vacuum, lower gravitational acceleration, possible cavities or high porosit F

of the rock, place special demands on the drill"unit. Liquid flushing tech-

niques areunacceptable because of the low temperatures encountered; gas

fluidization implies a sealed, closed loop system with probable continuous

losses of the fluidizing medium in the lunar atmosphere; auger or helical

fluting methods would have to work with degassed and pulverized material

against a lower gravity field. The effects of increased friction coefficient

&s well as oth_er considerations, influence the}chip :_nd core recovery

problem toward a solution featuring simple mechanical means.
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II. EXPERIMENTAL DKILLING AND PARAMETRIC STUDIES

The experimental drilling program conducted by ARF to obtain

quantitative data regarding the drilling of rock formation is described in

this section of this report. The results of this program are summarized

and discussed at the end of this section.

A. Drilling Phase

1, Introduction

The object of the experlmental drilling program was to obtain data

for determining the determination of (a) the most suitable lunar drillin s

method, (b) the most sudtable drill bits; and (c) input data for the subsequent

parametric and dimensional analysis of the resillts.

The program was arranged to permit the study of (a)rotar T and

rotary-impact drilling methods.: and (b) solid and coring bit performance in

a variety of geoiogical materials.

2. EcLuipmenl .

Two rotary drill presses and four portable rotary-impacf drills were

used during the program. These are discussed below:

Rotary Drill Presses:

(a) An ARF-modLfied vertical drill press, powered by a 3/4-hp,

1750-rpm, 220-v, 3-phase motor 0ater by a 2-hp, 24-v d-c, 40O0-rpm

motor), capable of 36-in. -deep holes, up to 200-1b axial load and a variety

of speeds (Fig. 3 ).

(b) Modal 120 "irE, Diamond Core and Saw, Inc., diamond core drilUng

machine, powered by a 2-1[4-hp0 ?00-rpm, ll0-v0 a-¢-d-c motor.

Rotary-Impact Drills:

(c) Model No. 738 Roto-Hammer, Ski1 Corp., 325 rpm; 2200 blows

per rain; weight: 24-3./4 Ib, principle of operation: pneumatic spring.

(d) Model No. 726 Roto-Hammer, Ski1 Corp. This drill is scaled-

down version of Model No. 736, described above. 500 rpm; 2400 blows per

rain; weight: 13 lb.

AIHOUII II_ SEARCI4 FOUNDATION O1: ILLINOIS INSTITUTE O1: TECHNOLOGY

- 23 - ARF 8208-6

Final Report



': '...."'" ':i. L/- ,'3," ,. • •
• .-., •

.<-:---::

c o E .o ,.
o o o r'_

¢" C _.

r_ _ o E_ _J

o _ __ _
o_

o -_ __ o
U _ _ _ _ "

__ _ "_ c o9.
,,, ua _ oa. g.

E

e--

Cl

O

O

to

O.

,,.j

O
G}

c
o.o

0 0

3g o

¢J .,,.., C
_ 0

m_
o

• I "

7;e2
_o

./:m -_
_-= -.

• !'_-

¢-
o_ ¸

:?,

!!

If.

- Z4 - ARF 8208-6

Fin_ Report



/.3

(e) Model No. 4E-1000 Universal Electric Harn_er, Thor Power

Tool Co.,- based on a mechanical scotch-yoke principle. This is a non-

rotating unit.

(f) Model No. 404, Heavy Duty Impact Drill, Stanley Electric Tools,

producing 16, 000 to Zl, 500 mechanically actuated impacts per znin; drill

rotated at high speed; weight: Z2-1/Z lb.

(g_ Model No. 38-RO Electric Hammer DriU, Syntron Co., produces

3600 blows per rnin, plus constant, automatic rbtation, weight: 38-3/4 lb.

Principle _of operation, electromagnetic.

All tested rotary-impact drills were hand-operated in vertical

position and loaded with a steel plate when necessary. No variation in

rotational rate, frequency, or momentum w_.s possible.

"3. Lnstrumen_tion ".

" At a given axial load, driUing experiments were instrumented to

obtain the following data:

a. Rotator Drilling

I. Power input into the drill shank. The electric driving motor

was properly calibrated. Its voltage and current input were
either visually or continuously recorded.

.

e

Drill speed was measured on the motor output shaft with an
electronic converter and visually recorded from a Bendix°

Berkely monitoring panel

Penetration was measured continuously with a 14-in. -stroke

precision potentiometer.

e Automatic continuous data recording was made on & Consolidated

Electrod_cs recording oscillograph. The foUowing data
were recorded: arxnature current, arznature voltage, penetration,
time.

b. Rotar]r-Impact Drilling

Rotary-impact drilling involved power, penetration, and time

measurements. All recordings were made visually.

\
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4. Drills

Approximately 450 drill bit and mining equipment raan_facturing

companies were contacted, their replies and literature studied. Applicable

drills were bought and tested. A list of drills used in the experimental

program follows.

(a) Rotary carbide tip drills: • : .- . ,

ARF-designated C-I: New England Carbide Tool Co., cyclo-twist
carbide tip J_zasonry dri11, I-in. diam., with 2 flutes.

C-2: U. S. Expansion Bolt Co., carbi-twist masonry drill, No. 9416,
I -in. diam., with 2 flutes.

C-3: North American Viking Co., carboloy tip masonry drill
EVN 444, I-in- diam., with .2 flutes.

" C-4: North American Viking Co., carbide tip masonry drill SM
390,. I -in. diam., with 2 flutes.

- C-S: Coffey-Curnmins Manufacturing Co., D_-Drill, 1-in.
diam. with ARF-cut flute. -

B

C-6: Arro Expansion Bolt Co., carbide tip masonry drill
FDM-I'6, 1-in. diam., with I flute.

. C-7: Ne_ England Carbide Tool Co., Inc,, cyclo-core, 3 insert-
tooth drill, 1-in. diam., fluted.

C-8: Relton Corp., Core Style coring masonry drills, fluted:
No. 16-TD, l-in. diam., with 5 inserts; No. 24-TD, l-I/2-in.
diam., with 6 inserts; No. 32-TD, 2 in" diam., with 8 inserts.

C-?: U. S. Expansion Bolt Co., Core-Vent masonry drill No._
?716, l-izL diam., with 6 inserts.

C-10: Vascolon¥-Ramet Corp., auger drill bit, No. DB 1-3/8-8
1-3/8 in. diam.

Co) Diamond coring drills:

ARF-designated D-l: Diamond Core and Saw, Inc., Di-Cor dri11,
1-in. diam.

D-2: Diamond Core and Saw, Inc., diamond drill, Z-in. diam,

D-3: E. J. Longyear Co., diamond drLU, l-in. diam.

D-4: Felker Manufacturing Co., diamond drill, 1-in. diam.

D-S: Fish-Schurman Corp., I/I 6-in. -wall diamond drill,
l-in. diam.

{c) Rotary-impact bits were recommended and supplied by the rotary-

impact drill manufacturers with their drill unit. No separate bit

identification was available. Physica/drill descriptions are therefore
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].imited to fluted, solid, carbide tip bits. Rotary impact drilling was per-

formed with 18-in.-Iong drills and/or 4Z-in.-Iong drill shanks.

S. Materials

The materials listed in Table Z were drilled during the experimental

program.
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Table 2

MATERIALS DRILLED

. Material ExperimentaUy determined compressive
strength. Ib/in _-

l

Concrete No. 1

Marble

Limestone
J

Hornblend Schist

Steel Mill Slag.

ARN'-nlixed Mate rialite

Average density, solid:
95.4 Ib/ftJ
Water to cement ratio:
0.86

Slump: 2-1/2 in.
Cement contents

5. 3 bags lyd 3
(94 Ib/bag)

Aggregate composition,
lb lyd _".
3/4in.-3/8in.: 46.3

3/8 in.-No. 4 : 45,0
No. 4-No. 16 : 47.0
No. 16-No. 50 : 37.0
No. 50-No. 100:14.0
No. 100-No. 700: 2. 0

not measured

not measured

not measured

not measured

not measured

4, 500 - 5, 000
,% ..

! .. ;

ARF-mixed Concrete No. 2 5, 300 - 6, 000

Universal Type III Cement:
46 lb/l_tch

lqo. 2 Torpedo Sand:
98 Ib/batch
I-I/2 in.-No. 4 gravel: 166 Ib/batch
Water: 24 Ib/batch

Wet density: 153. 2 Ib/ft $
Slump: 2-1/2 in.
Water-to-concrete ratio: O. 53
Yield: 2. 183 ft $

XPL-procured Gabbro Granite 40, 000 perpendicular to strabL
27, 000 parallel to strata
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Table 2 (Continued)

MATERIALS DRILLED
t e

Material Expe r imentaUy_dete rmined compre s sive

strength, Ib fin" ......

Berea Sandstone

Wood, Structural: 2 _n: x 4 in:

7, 300

: measu ed .... 'not r ......
_. - -.0. o .

,. . :. .
.- .o o

_ _i _-

• . o; .. .,-

An analysis of the ro.-k particle size resulting _rom drilling was I

performed on materialite. AItF-_ed concrete No. 2. Gabbro_granite an d ,

Berea sandstone. "Materialite and concret'e No. 2 were drilled with an

:Al_F-designated C-4 drill; Gabbro granite land Berea sandstone samples were:
o.

obtained with Model No. "/36, Skil Corp. Roto-Harnmer. The resulting data, .

in the form of cumulative weight percent vs. particle diameter, are presented

in Fig. 4.
0.

6. Drilling Experiments _ :

The program resulted in approximately 1Z0 individual meaningful

drilling runs. A number of these are tabulated and presented graphically.

Some served merely to determine that the bit being tested was unsatisfactory

and therefore produced no driUing data suitable for plotting. The outline

below serves to provide detailed information on experimental conditions,

parameters, and the list of graphical presentations.

• °
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ROTARY AND IMPACT DRILLING EXPERIMENTS

Drill

De signation
_v_teri_1 Load, Speed, Comments

11). rpm
Fig. No.

f

D-I

D-I

D-I

D-I

D-2

D-2

D-2

D-2

D-I

D-3

D-4

D-5

C-I

C-2

C-3

C-4

C-4

Concrete No.l 25, 35° 45,

Limestone 25, 35, 45,

Hornblend 25, 35, 45,
Schist

Marble 25, 35. 45.

Marble 25° 35. 45.

Hornblend 25, 35, 45°
Schist

Lime stone 25. 35..45.

Concrete No.l 25. 35. 45,

Granite 50

Granite 50

Granite 80

Sandstone 80

Granite 50

900 1 5900 6
,

900 Ample cooling and 7
flushing medium,

900 special diamond 8
driU press.

900 8

900 9

900

900

10

11

735 No coolant, no penetration.

I 190 No coolant, no penetratiom

500, 800 Specially temperature instra-

500,800 mented drill° no penetration.

735 No coolant, no penetration.

Materialite 24. 45. 62 3?8 12

Mate rialite 24. 45, 62 328 13

Materialite 24. 45. 62 328 14

Materialite 24, 45° 62 37.8 15

Materialite 24. 45. 62 37.8 16

C-2 Conc fete No. 2 40 500

80 250, 735

160 750

17

C-4 Concrete No. 2 40 500

80 257.
18

C-4 Sandstone 50 300,735

80 500, 1000

160 500,735

19

AII, IOUI I|S|AICN FOUNDATION O1[ ILLINOIS INSTITUTE OF TECHNOLOGY

- 31 - ARF 8208-6

Final Report



TI_ROTARY AND .,_PA._T DRILLING EXPERIMENTS (Continued)

Drill Material Load, Speed, Comments
De s ignation lb. rpm

Fig. No.

C-4 Sandstone 50 300,735

80 500,735 •

160 500.735 "

•20

' C-6 Concrete No.Z 80 500 Zl

C-7 , Granite 50 350

50 500

' 50 73Z

2Z

C-8, Sandstone
fin. diam.

50 350, 500, 735 •

80 390, 740; 1030

160 Z50, 500, 735 "' "

Z3

C-8 Sandstone
lin.

50 350, 500, 735 "

80 390, 740, 1030

160 250, 500, 735

24

•C- 8 Sandstone
In.

50 250, 500, 735

80 210, 350, 500
Z5

i"

Sandstone

Fo.8m Granite

50 Z50. 300, 735

80 210, 350, 500

50 Z50, 500, 7 35

80 735

160 Z50, 500

Z6

27.

C-8 Granite
1-11z

C-8 Granite
2 in.

160 250, 500

160 50O
28

• c-q Granite 50 310, 500 No penetration.

C- I 0 Granite 160 530 No penetration.
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• ROTARY-IMPACT DRILLING EXPERIMENTS (Continued)

Make Bit Diam., DriLl Length, Material Load, Fig. No.
in. in lb.

t • "_

t

Corp.
• 736

Skil Corp.
7:'6

u

Stanley
Electric
Tools

o

1-1 #Z 60 Granite 51 30

1- 1 #Z 18 , Granite 51 29

1 18 Granite 50 • 29

1_- 1/Z 60 Sandstone 5i 30
o" -. #. •

1 18 Wood 35

1-1/Z 60 Granite 48 30

1 18 .. Granite " 48 • 29

1 18 Sandstone 48 Z?

1-1/2 " 60 Sa'ndstone 48 30

"'3/4 18 Granite 48 29

1 12 Granite 80 No penetration.

B. An_lTsis Phase

o

I. Introduction

The objectives of these analyses were: (a) to evaluate the experimental

drilling data, (b) to determine the most suitable drilling methods and driLl

bits, (c) to obtain system energy parameters, and (d) to present drill

performance in both dimensionZess and graphical form.

Experimental results were analyzed with several problem areas in
\

mind. First, drill types that would penetrate the specified materials -

soft wood, sandstone, to granite were determined. DriLls and drilling

methods which performed satisfactorily were further explored through a

range of operating conditions to determine the optimum values. Additional

tests were made to study special problems, such as temperature in

diamond driLls or internal energy losses in 60-in. -long drills on rotary-

iv
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is!tact units. Other problem areas studied included duUing of cutting

edges and driU unit structural rigidity requirements.

Evaluation of Experiments

a. Discussion

Geological drilling is evaluated in terms of drilling parameters

discussed below. Rocks, in general, are described by the physical

properties that.vary from rock to rock and are of paramount importance to

a given drilling, task. |'Classical" drilling parameters consist of

.penetration rate, drill loading, drill rotation, drill size, impact frequency m

power, and torque. The following rock properties are of importance:

ultimate strength, hardness, abrasiveness, elastic modulus, coefficient

of friction, and brittleness. A portion of qualitative functional dependence

is presented in Sec. I-B of this report; more'data deduced from the ARF

experimental dri'11ing investigation for lunar drill systems as follows:

(a) With regard to penetration, a general rule can be stated: For

the bits tested, the type of bit that penetrates hard rocks (granite) will

penetrate soft ones (sandstone, rnateria/ite, concrete). Speed and load

o_timization problems are different. The reverse may not be true. Solid

rotary bits were found to be ineffective in hard rocks; thus, only diamond

and carbide tip coring drills (in the rotary category) and solid carbide tip

rotary-impact bits were found to satisfy the requirement that such rocks

be penetrable.

(b) High penetration rates at lower power level are desired from •

system economics viewpoint. Torque and rotation speed provide a lirnited

control of these basic variables. High rotary _peeds are undesirable

because of inherent shank balancing (whipping) requirements, while torque

is limited by lunar vehicle parameters. Generally, diamond drills require

higher speeds than carbide tips in the rotary category; higher penetration

per revolution produces higher torques with carbide tips. Rotary impact

devices combine high penetration rates with lower speeds and very low

torque values.
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(c) Power and energy considerations indicate that, in rotary drilling,

a greater percentage of work is expended in the rock fracturing process.

This conclusion points out large technical optimization possibilities for the

rotary impact devices.

(d) Diamond drilling can be considered on par with carbide core

drilling from a penetration point of view. However, diamond bits require

additional system support that complicate its application to the lunar drill

problem. These are: temperature control (matrix softening), higher load-

ings, flushing of pulverized rock, very rigid drill support and dynan_c

stability; and more severe drilling parameter values of load and speed.

On the other hand, a diamond matrix offers at least one very desirable

feature, the Sell-sharpening effect that results from different wear rates of

diamond insert and _atrix seating material.

(e) Bit wear is obvious in all drills, methods and materials.

Diamond drills are more sensitive to wear when run at non-optimum speeds

and loads; carbide tip coring drills exhibit higher wear rates in granite

than in sandstone and would require sharpening or changing to meet the lunar

driUing specification; rotary impact drilling showed least wear, though the

bit dulled more in a 60-in: hole in sandstone than in an 18-in hole in granite.

(f) The means by which chip removal is effected influences the

performance of rotary drills. Power, p enetration_ and bit wear are aHected.

(g) The use of a 50-I]) axial load places severe limitations on the "

penetrating ability of the drill unit. With some rotary driUs and materials,

this load does not permit any penetration.
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• b. Graphical Presentation

The following paragraphs discuss individual drilling experiments,

in an eHort to analyze particular drill performance based on the data obtained.

Part Ill of this report will utilize this analysis for the lunar driU unit

formulation.

(1) Diamond Core Drills - Rotary Drilling

Figures S through II describe the performance o£ diamond core drills

D-I and.D-2 in a variety of rnaterials. The results indicate-

DriLl penetration rate incre:_ses with drill loading.

Drill penetration rate, for a given loading, increases with decreasing

driU size, i.e., I_'oad per unit area" proportionality exists to some extent.

Of the n_terials tested, Hornblend Schist is the most difficult

material ta drill.

Power requirements, assuming a power factor of 0.8, were in the

range of 0.58 hp {Schist) to 0.69 hp (limestone}. The drill bit takes a

deeper cut in softer material , thus increasing the torque requirement.

The influence of compressive ancl shear strength of thematerial was not

determined in the tests performed. "

For the ?00-rpm speed, used throughout these tests, optimum loading

is in excess of the maximum value of 45 lbs. available.

Higher loads tend to produce more nearly constant penetration rates.

Penetration rate is not constant at the beginning of drilling because

the rock surface was intentionally left roughened.

Properly supported diamond drills start well on an uneven, rough

surface and do not *_ander'. In this case, the drill press was specially

designed for the application (Sec. II-A Z-b).

Drills showed definite wear. Inspection and subsequent discussion

with the manufacturer resulted in the conclusion that the burnishing was

caused by insufficient drill loading.

J
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One diamond drill (D-4) was instrumented for temperature and

tried in granite and sandstone. The results of these tests are discussed

in Sec. II-B-3, "The Bit and Rock Particle Temperature."

The D-I drill was checked in granite on the ARF-modified drill press

at 50-11) load and 735 rpm, without any cooling. No significant penetration

was recorded. Drill press vibration made starting the hole difficult° and

even a pre-driUed starting hole did not improve performance. The D-3

and D-S drills were tested with SO-lb load and II?0 rpm and 735 rpm

respectively, other conditions being the same as in the D-I drill test. The

same problems were encountered° and no penetration was recorded. {No

plots are presented for this sequence of tests. )

(2) Carbide - Rotar]r DriUin_

The C-l, C°2, C-3, and C-4 drill performanes in materialite,

concrete No. 2, granite and sandstone are presented in Fig. 12, 13, 14,

15, 16, 18, 19, 20. -

Dril_ing in n_terialite demonstrated the importance of adequate

chip transportation. Figs. 12, 13, 14, 15 present the power° penetration.

time relationships for three loading conditions (24, 45, 62 lb) at 328 rpm

and for the as - delivered flute length of each drill. Unless the drill shank

is fluted to permit chip transportation to the surface, power requirements

increase. In one case (Fig. 13) the 24-1b drill load was not sufficient to

maintain constant penetration rate.

Power consumption for all of the driUs ranged between 130 to 250 w.,

and the maximum penetration rate recorde_ was I. 42 in./min. Optimum

drill loading, at 328 rlm_ • was greater than 62 lb, the highest loading utilized.

Power requirement increased with penetration rate and drill loadlng.

Cutting surfaces showed wear after 40 to 50 in. of penetration. There were

no hole starting problems: all drills, being of conical shape, showed no

tendencies to wander. The surfaces of drilled hole walls were coated with

fine dust particles, highly polished and hard; this was the result of the

dogging effect.
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Drills C-3 and C-4 were further tested in concrete No. 2 (Fig. 17, 18).

Concrete No. 2 (Sec. II-A-5) features an appreciable amount of large

aggregate and thus can not be considered as a "uniform" rock. Tests in

concrete No. 2 illustrate weU non-uniform rock drilling effects and possible

lunar drill data interpretational pitfalls. As shown in Fig. 17, the penetration

rate of the C-4 drill at 80 Ib and 252 rpm changes from 0. 071 in./rain at

the start of the test to 0. I 1 in. /n_in at a point during the test with a comparable

power increase from 1 30 to 184 w. At 40 Ib and 500 rpm the same drill

produces an initial penetration rate of 0.33 in./min and a final rate of

0.05-in/min. A constant power input level is maintained throughout the

run. Starting and initial wear phenomena n_ight be theorized in the latter

case, b,:-_ _=is is refuted by the results of the first test. Fig. 18 illustrates

the desirability of higher loading. For a 160-1b load, a 3-in. depth is

attained in 1.25 rnin, utilizing {I. 25 rnin) (650 W) = 812 w-min of energy.

No dulling effects were apparent. For a 40- or 80-1b load, 3 in. is drilled

in 17 rain, utilizing (17)x(170) = 2890 - "w m_n of energy. Definite dulling

effects were encountered.

C-Z and C-4 drills were tried in granite. No significant penetration

was recorded.

Sandstone was drilled with the C-4 drill and these data are plotted in

Fig. 19, Z0. Constant penetration rates were obtained throughout these

tests. The results indicate that a 50-1b load and 300 rpm combination

defines the lower penetration lirnit: lower load and speed settings result in

zero penetration. Optimum speed for this drill at the 50-1b load lies in

the 700-rpm range, at a 270-w power level. Further experimental data

is reqaired to explain the slope of the power curve in Fig. 20. This bit

showed wear after 15 in. of drilling, especially at low speeds.

Of the four carbide rotary drills tested, the C-4 drill provided the

highest performance. Data regarding the remainder is summarized below.
e

The C-5 drill was found to be ineffective in granite.

The C-6 drill (Fig. 21} was tried in concrete No. Z at an 80-1b load,

500 rpm. The highest penetration rate was 0.1 in,/rnin at Z30- to ZG0-w

level. Dulling of the bit was evident;
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The C-7 1-in. -diam. drill was tested in granite at a 50-1b load and

350, 500, 732 rpm. Optimum speed is at approximate!y 500-rpm as reflected

in the parameters of penetration rate, energyrequirement, and bit wear.

Test results are presented in Fig. 22.

Three sizes (l-in., I-I 12-in., Z-in• diam. ) of the C-8 type drill

were tested in sandstone and in granite.

Sandstone drilling (Fig. 23, 24, 25, 26)produced constant penetration

rates and consistent data. The results indicate that maximum penetration

rate at a 50-1b load can be achieved with speeds greater than 800 rprn, but

possibly at prohibitive power and energy levels. (See Fig. 24)'-

A drill loading of 50 Ib and a speed of 350 rpm res_Its in a penetration

rate of I in./rnin and a total energy requirement of 180 w-rain/in. Similarly

values of 50 Ib and 800 rpm result in a penetration rate of 3. 2 in./rnin and

an energy input of 2180 w-rnin/in. Slightly higher loading, 80 lb, results

in improved performance, however, a 160-1b load is greater tl_n optimum.

At a load of 50 Ib, drill speeds as high as 500 rpm were found ineffective

in varying the penetration , rate of the 2-in. -diam, drill (Fig. 26). At speeds

above 400 ram . noticeable starting problems were encountered and holes

had to be predrilled. Wear was evident after 15 to 20 in. of penetration.

• Drilling in granite Fig. Z7, 22, 28, 13, 23) produces a drop i n power

with a de creas_e of Ikenetration rate as the driU begins to penetrate. This

result_ because dulling preventsth e .drill from taking as large a cut. "Higher

Ioa_s produced higher penetk"ation rates with lower total ertergy re_luir._ments.

A penetration rate of 0. 146 in. lain with l-in. drY1 (Fig. 27) at 50:lb load, "
%

500 rpm, resttlted in an energy requirement of 20510.'146 = 1400 w-rain./in.

Si1_ila.ry the rate was 0. 384 in /r/tin at 50-1b load, 500 rpm,, and the energy

34510. 384 = 900 w-minlin. (Fig. 28). It is of significance to note that at

high loads and high speed combinations (160 lb, 500 rpn% 760 rpm) the

l-in. -diam. drill produced no penetration. This finding not substantiated by

tests at larger driU diameters, requires additional experimental study.

Immediate bit dulling was evident during the tests. The drill would

"grind itsell _' to a constant penetration rate configuration (Fig. 28, I-I 12-in.

and 2-in, diam., 160 lb, 500 rpm) and maintain this rate till destruction
by dulling. Wear was found with aU drills.
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C-9 and C-10 drills were tested out in granite and were found to

produce insignificant penetrations.

In general, carbide tip coring driUs tend to dull rapidly in granite.

The result is reduced power consumption bect_ase of lighter cut being taken.

This drop in power consumption towards a limiting value is a symptom of

carbide bit dttUing.

{3} Rotary Impact Drilling

Ski1 Corp. Roto Hammers, Model No. 736 and No. 726, were tested

in granite and sandstone. All tests were made with a 50-1b load. The

performance is summarized in Fig. 29 and 30.

Model No. 736 drilled l-in. and I-I/2-in.-diam. holes in sandstone,

granite, and wood at a constant 940-w power level. The drill idled at a no

load power consumption of ?00 w.

Model No. 726 driUcd sandstone and granite at 550 w. Figure 29

presents a'su_ry of results for 18-in. -long bits; Fig. 30 summarizes

the performance for an 18-in. bit w.i.th a 42-in. -long extension shank.

The tests demonstrated appreciable energy loss in the longer drill

shank. As an illustration, consider the I-I/2-in. -diam, bit in granite,

powered with the Model 736 Roto-Harnmer:

_rill Length Penetration R_te

0. 666 in. lain

0.51 in./mln

Energy

Q -

I /rain)= 1410w mln1940 w) 10.666 in. m.

(940) (_,_ = 1845 w'minin.

The energy lost in 42 inches of drill shank is 435 w ms. The time
In.

required to penetrate I in. of granite with the 4Z-in. -long shank is-

I. 96 rnin/in.

The drill operates at 2200 blows/rain, therefore, the energy lost
I I w-sin

perblowis 435xT_ x_ = 0.101 blow"
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Bit wear was greater when drilling in sandstone than in granite.

The statement is illustrated in Fig. 30, which shows a non-constant rate of

penetration in sandstone. Five 1Z-in. -deep holes were drilled in granite

with a l-in. °diam. drill on Model 736. Penetration rate and power remained

constant, though the exarnir_tion of the bit revealed a definite dulling of

cutting edges. The following penetration rates were obtained during the

tests: - "

Model Drill diam. Drill length, Material • Penetration rate,
in. in. in. /rain

736

726

I-I/2 18 + 42 granite O. 51

I -I/2 18 granite O. 6b

I " 18 granite I. 38

I-I/2 18 + 42 sandstone 2. 8. average

I-I/2 18 ÷ 42 granite O. 172

I-I/2 18 ÷ 42 sandstone O. 137 minimum

I I 8 granite O. 924

I 18 sandstone 2. 22

3/4 18 granite 1.14

These units exert a negligible torque on the rock; but are nu_s y

and vibrate. Wood was drilled to check if the hammer would be at a11

effective. No measurements were taken, but ]VIodel No. 73b with a l-in.

drill did penetrate wood.

The Stanley Impact Drill (Sec. II-A-2-1_ was tested in granite. At

900 w and an 80-1b load, a l-in. drill penetrated 2-1/2 in. in 3.67 min for

a penetration rate: 0.68 in./rnin. No further tests were made.

3. Bit and Rock Particle Temperature

_nterest in temperature is due to two reasons: (a) drill wear and

(b) possible change in physical properties of the rock samples.

• __j
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Diamond drills heat up very quickly, thus a large amount of coolant

is required in diamond drilling. Coolant is used as the particle flushing

medium at the same time. The state of the art in the diamond drilling industry

is such that no data is available for heat transfer requirements as separate

from mass transfer den_nds. Initial diamond drilling tests, Fig. 5 through

11, were made with the recommended water flow rate: 1/2-in. water pipe,

fully opened at regular in-house wat_'.r pressure and connected to the water

swivel of the drill (See Section II-B-2-i). Later in the program, D-1. D-3,

and D-5 drills were checked in granite, without any cooling or flushing

medium. Every drill was completely dulled in less than 1 rain, and no

appreciable penetration was produced.

The D-4 drill was instrumented for temperature measurements and

was tested at an 80-1b load in granite. The flushant medium was air.

Results are summarized below:

/
l_aterial Duration of Test, Speed, Penetration_

rain rpm in.

Cooling -Flushing Temp.
Medium * F

Sandstone 0.8 712 0.04 high air flow 160

Sandstone I 650 0.02 very low air 405
flow

Granite 1 820 0.03 no air flow 315

|

!

I
i

Z

/

The carbide tip drills were also tested. Although not instrumented

for temperature, the onset of blue oxide coloration was recorded. This

coloration is related to the metaUurgical blue brittleness phenomenon

(ref. 44).

Blue brittleness is encountered in the steel tempering process and

is accompanied by a decrease in impact toughness (from 12 to 7 ft-lb of

Charpy impact}. The oxide is formed in the 450" to 650"F range and the

upper value is used in calculating the approximate cutting edge temperature.

as follows.

A Itlq OU II IIESEAIICM F:OUNDATION OF ILLINOIS INSTITUTE Oil: TECHNOLOGY

- 66 - AI_F 8208-6

Final Report

7/



13

The drill is assumed to be made of uniform steel of constant cross

section. Carbide tip inserts are neglected. An one-dimensional heat

transfer equation is applied to the semi-infinite solid, initially at temperature

To; for time t 0o one surface is maintained at constant temperature T s.

The model implies that the cutting edge temperature remains at a constant

T I value throughout the test. Mathematically, this is expressed as

At (t,x)= (O.x). T= T
0

(t, x)= {t, 0}. T= T
I

The solution to this equation is,

T - T s

T - T = _)(x_)"
O II

where

(ref. 89 is of the form

= 1

T = temperature, "F

t = time, hr

x = distance, ft
ft z

of. = thermal diffusivity,

_(X_) = error function, ._{Z)= 2 ; e-/_ 2 d_ .

The C-4 and C-Z drills exhibited blue brittleness at the very bottom

end of the fluted steel shank when tested in concrete. Neglecting the carbide

tip insert and weld material temperature distributions, the above equations

indicate that the tip temperature did not exceed 650"F.

The C-8 1-in. -diam. drill in granite attained blue brittleness

discoloration 1-in. away from the cutting plane, after 5 rain of drilling.

A calculation of the upper temperature range foUows.

The given assumed or experimental data includes:

Thermal diffusivity, (X. = 0.48 ftZ/hr

Time to observation, t = 0.0834 hr

Distance to discoloration, x = 0.0834.
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The value of the function_ is

1 = 2.5

That of

_x= Z. Sx0.0834= 0. Z08

while the error function _,is

: o.z33

The resulting temperate at the cutting edge is

T - T o_(x_) 650 - 80 (. Z33)

Ts = 1- _-(x'r_) - _ = 825"r.

This temperate is based on an assumed blue brittleness temperature

of 650" F.

The determination of rock particle temperature at the instant of

fracture and during contact with the cutting edge, whether higher or lower

than the cutting edge, requires more elaborate instrumentation than could

bejustified on this program.

Elastic energy released during fracture, the surface formation

energy consumed (surface energy is relatively higher in brittle xnaterials),

the heat exchange between driU and rock. all influence the relative temperature.

It appears however, that the temperature of the rock in contact with the

cutting bit wiU be approximately the same as that of the cottihg bit.

No blue brittleness discoloration was encountered with any of the

rotary-impact drills. However, rnidsections of the 4Z-in. -long extension

shanks heated up until they were too hot to touch with bare hands indicating

high energy losses once again. (Sec. II-B-3-p).

4. Parametric Systems Analysis

a. General

The experimental drilling results were used to formulate parametric

systems data a summary of pertinent drilling parameters, intended for

preliminary design estimates, in order that power, energy, and hole size
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functions could be form,._!ated. Unit *_'eight is another parametric function

to be considered in the in extraterrestial drilling task. However, the

complexity of drilling methods, the great number of prime mover and drill

actuator mechanism combinations, the systems considerations, and the

constantly changing state of the art in component design preclude a realistic

system parametric analysis basedon system weight. The present study is

confined to an analysis of the energy, power, penetration rate, and size of

drill considerations for a given material.

Parametric systems data are presented in Fig. 31j 3Z s 33. Energy

per inch of drill penetration is plotted as a function of drill load. The

above energy value was obtained by dividing power by penetration rate.

Drill speed is the parameter of the plot.

The above analysis presents no clues as to penetration rates or the

power levels involved. Therefore each of Fig. 31, 32, 33 should be

viewed in relation to Fig. 24, 27, 19, which given penetration rates and

power levels. The two corresponding plots give a complete parametric

optimization picture: energy, power, and penetration rates as functions

of the driU type, drill size, load, speed, and the material drilled.

The parametric analysis is made for rotary driUs only. Rotary-

impact drill experiments indicated no detectable variation in input power.

The variable of most importance to the driU performance in this case was

the length of the drill shank which provides no useful data. At a given load

for a given rotary impact driU, energy values and penetration rates remain

constant as seen in Fig. 29, 30. They are summarized in the table below.

C
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ROTARY-IMPACT DRILLING RESULTS

Test Material Model Drill Size Load Power Penetration Energy.
No. lb watts Rate Penetration

in. /min Rate
watt-n_in

in.

1 Granite 736 1 "diam., 50 940 1.4 670

" 18" long " •

2 Granite 736 1-1/Z"diam., 50 940 • 666 1410
18" long

3 736 I-I/2"diam., 50 940 .53Z 1770

60" long

4 Sandstone 736 I-I/2"diam., S0 940 I.87 50Z

60" lon E

5 Sandstone 726 " I"diam., 50 550 Z.28 241

18" lon E

6 Granite 726 l"diaxn., 50 550 .?Z 600

18" long

7 Granite 726 1-1/2"diam.. 50 550 .172 3200
60" Ion s

o

In comparing Test I and 6 it is seen that Model 726 is more economical

of both power and energy than Model 736° when both are fitted with a I inch

drill. When fitted with a l-i/Z in. drill, the reverse is true. _ese results

show that a careful match between drill capacity and drill bit size must be

made for optimum results.

"b. Rotary hnpact

The energy parameter and performance of the C-4 drill in sandstone

are presented in FiE. 33 and 19. Attention is directed at the inefficient

50-1b drill loading which results in a minimum energy consumption of

650 w-rain/in. This value is to be compated with 74 w-mln/in, at a I Z0 It)

loading. However, this optimization Is obtained at the expense of a relatively

high (490 w) power.
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The C-8 l-in. drill in sandstone is ha_rdIy more efficient at its

optimum load and speed (Fig. 31, 24) though it operates at a low power level,

280 to 300 w. A comparison with the C-4 drill only indicates the effectiveness

of the coring geometry.

Two loading conditions were available for the C-8, 2-in. diam. driU

analysis in sandstone: 50 Ib and 80 lb (Fig. 32, 27). Higher loads to

obtain optimum resttlts is again indicated.

Granite was drLlled with the C-8 type of drill: 1 in., I-I/2, 2 in.

in diam., Fig. 23, 26. A 1in, ted number of data points were available for

the energy plot, (Fig. 34} however several interesting conclusions can be

drawn as shown below: (I) At a 50-1b load, 500 rpm is the optimum speed.

Power level is 202 w. At a 160-1b load, 250 rpm is the optimum speed.

(2) At 500 rpm and a 160-11) load, a 2-in. -diam. drill requires the least

amount of energy, while at 250 rpm, the 1-in. -diam drill requires least.

{3) The energy required to penetrate granite is approxinzately I0 times that

required for sandstone.

c. Rotarlf Vs. Rotax 7 Impact Performance

At 50-1b drill loadings and at optimum speeds, rotary coring drills

provide either inferior or at best, equivalent per£ormance in sandstone.

Performance in granite is definitely inferior. Solid rotary drills do not

penetrate granite at loads to 160 lb.

In addition rotary drills suHer high rates of wear.

Accordingly. the rotary impact drill promises superior performance

in the'lunar drill unit application.

S. Dimensional Analysis

A number of analytical approaches suitable for studying drill

performance as related to the characteristics of the rock being drilled were

examined. Dimensional analysis based on Buckingham's Pi Theorem

supported with experimental data provided desired relationships.

-T
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The purpose of the parametric study is to correlate effects of the

hole size, thrust, rotational speed, power, torque, penetration rate; with

pertinent rock parameters such as strength, density, modulus, and perhaps

some laboratory determined indices. The value of such parametric

correlations would be in (a) telemetry channel economy, and (b) substantiating

data availability.

Dimensional analysis as a tool is definitely limited by the type of

drilling employed. Rotary drilling, with its relatively simple rock chipping

mechanics, lends itself to greater parametric generalizatlons and results in

more accurate estimates. Rotary-impact driUing requires more detailed

description of the drilling model and introduces more variables for

consideration. Here, individual types of machines introduce a number of

parameters which must be considered, including proper rotational-indexing

requirements, rebounding drill bit and impact transmission mechanics.

It must also be borne in mind that since the state-of-the-art for rotary-lmp_:t

drilling theory is less advanced than that for pure rotary drilling and since

the results obtained by dimensional analysis are Umited by completeness

and correctness of the original assumptions, the expected accuracy of

rotary-impact parametric studies is less than those for pure rotary.

The major source of difficulty in the establishment of a mathematical

model lies in lack of a readily available analytical description of rock

parameters. Considerations of rock compressive strength and modull do

not represent adequate models even at room temperatures. Adequate

representations depend on precise test results, of a type which still rexz_in

to be obtained by the drilling industry, especially for the rotary impact drLL1s.

a. Solid Rotaz T Drill Dimenslortless FumctionJ

A dir_.__nsional amtlysis for soUd rotary drills is given below. The

following _- - and drill characteristics were considered:
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Characteristics Symbol Dimensions

Rock Strength f Ib/in. 2 " F/1.2

Rock Modulus E 1b/in. 2 F/I2

Rock Density /O slugs/in. 3 FTZ/L4

Hole Diameter d in. 1. "

Hole Depth Z in. I.

Applied Load F Ib F

Drill Speed N rad/sec I/T

Penetration Rate R in./sec L/T

Power Input p in.-Ib FL/T
sec

Developed Torque T in. -Ib F1."

A derivation of dimensionless functions appears in Appendix A, only the

results of this analysis ate presented below:

".,,.,,.qt;. [: .F _dZNZ"r

• °t/ " "

b. Application to Drilling Sandstone with Drill C 4

One dimensionless relationship was determined for the C-4 drill in

sandstone (Fig. 35 and 36): here a family of straight lines intersect at

('7_ 4 , _5) : (I. l(axl0 "Z, 0. T3x10"3), the slope of each line being a function

of drill speed. The general equation for a given line can be written,

(I'/'5-- v_:10-3)= " ( _, - I 16,,1o"_. (1)
where

R r

here m, Is the slope of the line. is a function of drill speed (Fig.

can be expressed analytically am

35) and

m : 0.00595 N - 0.309.
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A combination of Eq. I and 2 gives

Equation 3 was derived on the basis of data plotted in Fig. 19 and Z0 and is

valid for the experimentally determined range only. This restriction is

placed because of two reasons: (1} lack of experimental evidence with all

the parameters and (2) surprisingly wide driU performance variation as

computed in Appendix C, indicating shortages even for the simplest of

models.

Attempts to derive analytical power relationships turned out to be

unsuccessful. -

c. Application to DriUin_ Granite with Drill C8

As derived in Appendix A, dimensionless con_inaflons were

modified to take the coring effect into account, and several new Pi functions

were used {Appendix A, Eq. 6, 7). Figure 37 presents a dimensionless

functional relationship for the three different diameter drills {at 160"-Ib

load and two speeds). It is again evident as was the case above, that some

common point of intersection exists, the slope of the loci being functions

of drill speed. The lack of experimental data precludes the derivation of

a more general expression, thus only the dimensionless equations at each

of the two speeds are given below.

where

A|MOUS

That for 160-1b load and 250 rpm is

0 R

 %Z.dlz Nz

"7T8= •
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Subscripts o and i designated the outer and inner diameter and_ is the

total length of the cutting surfaces.

The equation for 160-1b load and 500 rpm is

I I •

= sgs (7/4) (Tfz) { - .00134.
° o _ o

The numerous restrictive conditions which must be applied to these

equations illustrates the difficulties inherent in the present-day application

of dimensional analysis. However, with a better understanding of dri111ng

mechanics and with speciaUy designed experiments, this approach should

prove a powerful tool in gaining an insight into an optimum design approach.

C. Discussion and Conclusions

I. Recommended DriU

Drill durability and rock penetration capacity of the rotary-impact

drill recommend this concept for the lunar drill application. When compared

with the other drilling methods (rotary coring driUs), rotary°impact devices

require comparable energy and power levels (Sec. H-B-4). The use of

a pneumatic spring in the drive unit will introduce developmenta/problems

to avoid excessive leakage, however these problems do not appear to be

severe.

The rotary impact driU has a reasonable growth potential in its

present form. Advanced units, employing an in-hole drive motor wiU

reduce the vibrations transmitted to the spacecraft structure. The present

unit wilt employ a simple spring-damper system to reduce tr_nsm/tted

vibrations.

r

2. Recommended Reliability Study

a. Introduction " "

The complexity, advanced design, "and umusu_1 requirements

associated with this program require that the utmost effort be devoted to

attaining the high reliability goals set.. While in no way minimising the '

diHiculties associated with directing and accomplishing a sound reliability

program for previous or existing satellite or spacecraft applications, it is

AIIMOUII SESEAIICI4 I:OUNDATION 01= ILLINOIS INSTITUTE OF TI:CN NOLOGY

- 8Z - ARF 8Z08-6

Final Report



/

' ,:.I.

recognized that the reliability program required for the lunar drill project

introduces many aspects for which only more limited studies h_ve been

performed. For example, the lunar drill package is required to survive the

following sequences of differing environmental conditions prior to equipment

operation: limited storage in earth environments, launch, flight, entry, land,

and intermingled storage and operation in the atmosphere of the moon.

In contrast, our space program to date requires equipment operation during

a part or all of the launch, flight, and re-entry phases. Of major

significance is the added requirement that the equipment be operational

following the stresses incurred in entry and landing. Successful operation

of the lunar drill package in the atmosphere of themoon is a difficult

undertaking, because of the severity of the environments which will be

encountered. For example, the motor operation in a high vacuum poses the

problems of heat dissipation, loss of bearing lubricant and more severe

limits on corona discharge and voltage breakdown. The wide temperature

range to which the motor will be subjected creates severe problems in

providing electrical insulation and bearing lubricants that will withstand

these extremes.

The problems imposed by the environmental conditions are discussed

in detail elsewhere in this report. Of significance, however, is the

recognition that these problems exist and must be solved.

b. Differences between Electronic and Non-Electronic Components

The state of the art of reliability activities is far more advanced

with respect to electronic parts, components, and equipments than it is with

respect to their mechanical equivalents. Histroically, this has resulted

from electronic equilrlnents causing the major portion of the di_iculties

in maintaining proper operation. For this reason, the growth of reliability

has centered about the elirnination of problems in electronics to the

exclusion of similar mechanical considerations.

Until recently, the xnajor accomplsihments in the field of reliability

_alysis and prediction centered about studies of "random" failures. Here,

randomness of failures includes so-called catastrophic failures, e.g.,
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resistor shorts and opens, as well as gradual change of characteristics

resulting from prolonged application of environmental and electrical stress

levels. The significant point is that the level of effort for '_ear out tt

phenomena, or change in properties through such processes as material

deletion, has been low. Until recently, this emphasis was proper, in the

sense that the tactical life of electronic components and equipments was

generally far shorter than the time at which significant material depletion

effects would begin to take place.

Mechanical components are generally conceded to exhibit pronounced

wear-out, which appears relatively early in operational Life (ref. 91).

Stated in different terms, a failure of an electronic component carries the

implication of a reliability problem; whereas failure of a non-electronic

component carries the connotation of a design problem (ref. 92). An ex-

cessive failure rate in the former case may well be misapplication of the

component; on the other hand, it is a relatively simple matter to determine

whether this is in fact the case. If not, reliability techniques can be applied

• effectively to improve,keliability. In the case of non-electronic components,

excessive failure invariably are treated as a problem in redesigning the

component to extend the time at which significant wear-out commences.

o_c. Wear-Out Failures ..

The preceding discussion points out some of the major elements

of difference between consideration of electronic and non-electronic com-

ponents° from a reliability standpoint. However, the recent emphasis upon

satellite applications of electronic components, and the implied long operational

lives, had made necessary the reconsideration of the electronics problem

from a po_t of view of wear-out phenomena actually occurring. Thus,

significant contributions have been and are being zz_de in the application of

reliability techniques applicable to the unique problem of the lunar drill.

In short, the frequency distribution curve of wear-out fa/lure

characteristics often approximates a normal distribution, which can be

defined in terms of mean time to failure and deviation about the mean.

Knowing this wear-out distribution characteristic and the required operational
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life of the component, one can accurately predict the reliability. Still more

important, meaningful design and quality control data are available for

product improvement work. For exarnple, supposing tests show the failure

rate to be higher than allowable over the operational life. One can estimate

how much the mean time to failure must be increased (redesign - a more

critical task than that discussed previously} or whether or not reduction in

the deviation lirnits would be more practical. In applying either approach to

product improvement, all possible information on the applicable mechanisms

of failure should be obtained to guide subsequent effort.

d. Reliability in the Design

One of the important tasks to which the reliability personnel must be

committed is that of support during the research, development, and design

stages. That is, reliability personnel will be assigned the task of aiding

in the selection and use of parts and components so as to orient effort toward

the ultimate reliability objectives. For example, a technique for decreasing

probability of component failure is the use of electronic components at a

fraction of rated value. For deposited carbon resistors, exposed to high

humidities, this technique does not apply, as the absence of I2R heating

does not allow the component to operate dry. This results in an excessive

change in resistance. Considerations such as these suggest the type of

support the reliability group can furnish.

e. Reliabilit]r Tests

Ultimately, it wiU be necessary to perform tests on the assembled

drilling packages to verify conformance to reliability requirements. De-

termination of the tests to be performed, the quantities to be tested, and the

time intervals over which the tests continue, are matters for the reliabillty

activity. Establishment o_ test conditions require the talents of specification

azld environmental specialists. Design of test sequences and analysis of

test results include the need for the services of operations research and

statistics specialists.
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Tests of complete packages should be made for the purpose of verifying

predicted results. To perform reliability predications and analyses, suitable

information is necessary regarding each of the elements of the package. In

the case of, for example, portions of the electronics, it is more than likely

that data are available either in the literature or from component manufacturers,

in a form suitable for inclusion in the analysis. _Yhile some data on

mechanical and electro-mechanical parts are available, the f_ct that much of.

this portion of the package will be special to the application, indicates that

many of the reliability characteristics wi]/be determinable only by test.

As before, the re_liability group will be responsible for conducting such a

program.

Such test programs as those-discussed above would furnish other

necessary information. An analysis of the resulting failures is necessary to

avoid their future occurrence and to effect improvements. Determination

of the cause of failure, through the use of such analytical techniques as .-

cross sectioning and photographs, together with a deterznLnation of the

principle stress or stresses {and their values at failure), must be accomplished,

if significant improvements are to be made as expeditiously and efficiently.

as possible.

B

f. Specia/ Considerations in Reliabilit]r

The d/tiering environments existing during each phase of the luaar

cLri]/ "trip, N e. g., launch, flight, etc., _,_y we]/ require tota]/y separate

rellability considerations. That is, electronic _il_Lres occurring during

launch,, such as a shorted component or a loose wire, clearly must be attributed

either to a random catastrophic fa]/ure, poor workmanship, or poor design

practices. T_ the realm of reUability analysis only, the first acquires major

sign/ficance. The same considerations should reasonably hold for the non-

electronic components. Once landing is successfully effected, however,

the strong limits upon weight, and their effect upon structura/safety factors,

may indicate that the za_Jor rellability concern with certain of the non-

electronic components is wear-out phenomena, as prevlously suggested.

Thus, the separate phases of the flight will requ/re separate reli&bility

studies, and, in fact, that these studies wi/1 be concerned with different
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modes of failures, (e. g., catastrophic and wear-out) and different principle

stresses (e. g., acceleration at launch and extreme temperatures on the

Surface of the moon).

g. Radio-Frequency Interference

Various electrical and electronic devices, as well as mechanical

operations involving the accumuLlation and discharge of electrical charges

due to frictional forces, create sufficiently large electromagnetic fields-to

interfere with the operation of electronic equipment, including sensitive

command receivers, electronic control apparatus and electrouic analysis

communctions equipment of various kinds. In order to prevent rnalfunction/ng

of such equipments, the drill unit must not create excessive radio-frequency

(R.F) interference.

Certain types of electric motors are prolific sources of RF-interference.

If such motors should be desirable in the lunar drill for their torque or other

characteristics, means for the suppression of RF-interference must be

provided in order to prevent interference to the drLll's own automated control
.t

circuitry, as well as to other electronic operations which may have to be

performed concurrently.

Interference-reduction measures must be applied in a manner

involving as little weight and volume as necessary and yet permit a maximum

level of reliability under conditions of high g-deceleration and other salient

environmental conditions. The most severe of these environment_1 conditions

is anticipated to be the large temperature variations to be encountered.

The drill concepts described in this report can utilize d-c motors

and controls designed for aircraft and mlssile applications which meet the

military specification on radio interference, _.T.L,-26600.- Therefore, none

of the drill system designs will create a source of interference with

electronic equipment.

ASHOUII PESEAIICN I:OUNDATION O1¢ ILLINOIS INSTITUTE OF TECHNOLOGY

- 87 - ARF 8208-6
Final Report



• _._ II I_

_.

HI. CONCEPT STUDIES

A, Drillin_ Studies

Several design concepts applicable both to initial and to future lunar

geological exploration systems were conceived and carried to the preliminary

design stage as a part of the program. These concepts include both rotary

and rotary-impact drill systems and also various methods of removing

chips from the hole during drilling operations. A concept for the emplacement

of a casing in a driUed hole is also presented. A particular drilling system

used on a lunar vehicle might embody features of several of these concepts

depending on the specific mission. Since the requirements are specified for

the initial lunar driU systems to be used with the Surveyor vehicle, two

concepts, directly applicable to that program have been extensively exam/ned.

The remaining drilling concepts are primarily suited for future drilling

programs.

I. Rotary-Impact Drill Systems

ARF studies indicated that only a rotary-impact drill system would

have the capability to perform as required for the drilling experiments

proposed for the Surveyor so_-landing lunar vehicle and _tso future deep-

hole drillings. Therefore, three concepts were developed for rotary-impact

drill systems. Two of these concepts are suitable only for drilling shallow

holes, while the third is suitable for drilling relatively deep holes.

a. Selection of Rotary-Impact Mechanism

For reliability and minimum development effort, the rotary,impact

drill should be based on a commercially available device. Both rotary-

impact and straight-impact electric hammers were investigated by ARF.

(Rotation c be easily added to those hammers that do not have that

feature}. L_ "_ese devices, impact force to the drill bit is supplied by

accelerating a mass that strikes either tho end of the drill shank or. an anvil

attached to the end of the drill shank. The prime mover that accelerates the

impacting mass in these hammers is either based on electromagnetic or on

electric motor principles. The electromagnetic type uses the magnetic

field produced by current flowing through a coll to accelerate an impacting
J

. •
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mass. Its operating principe is similar to that of a solenoid. Electric

motor-driven types translate motor rotation into linear motion of a spring-

mass system that applies the impact to the drill. The spring serves to

cushion the impact force from the rotor. Both mechanical and air springs

are used. The advantages and disadvantages of each type of prime mover

are shown in Table 3.
• - w

The electromagnetic type of drill has the advantages of containing

only one moving part in the impact mechanism and also of not depending

on the presence of an atmosphere inside the hammer case for its operation.

However, the solenoid-type mechanism is relatively inefficient in the

performance of work as compared to an electric motor• This means it

will require more power, heat up more quickly, and tend to be heavier

than an electric motor-powered device. The simplicity inherent in having

only one moving part is offset to a considerable degree by the need for a

motor and associated gearing to provide even a moderate amount of torque

for rotation. Some pressurization will also be required for satisfactory

bearing surface friction and operation of a d-c motor. To reduce impact

and vibration caused by the accelerating mass after it has struck the drill

shank and reversed its direction of motion, a mechanical spring must be

used. The performance and fatigue 1He of this spring must be investigated

under lunar environmental con_itiors. Another disadvantage of an

electromagnetic-type hammer is the magnetic field produced during operation,

as well as the residual magnetism that wiU remain. To prevent interference

with instrumentation, recording, and telemetry, the hammer must be well

shielded, which will increase the weight of the un/t.

An electric motor-powered hammer with a mechanical spring i8

a relatively eHicient device and, like the electromagnetl¢ hammer, does not

depend on any internal atmosphere inside the hammer case. Its main

disadvantage is in the use of a mechanical spring. Even in normal usuage,

fatigue failure of springs is common. The adverse conditions of temperature

and vacuum encountered may affect the properties of the spring material.

Considerable development might be necessary to determine what spring

material, if any, would perform satisfactorLly, and give the high reliability

necessary under the rapidly fluctuating stresses to which it is subject.
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There is a possibility that the lunar vacuum environment may actually improve

the fatigue life of a mechanical spring (See Sec.LIIA-9). If experiments indicate

that this wiU occur, a rotary impact drill using a mechanical spring would

appear more favorable.

The electric motor-powered hammer using an air spring appears to

offer good reliability and low weight. A disadvantage of this hammer is

that the impact mechanism depends upon an atmosphere inside the hammer

case. However, the motor operation and satisfactory bearing surface

friction, any device would require some pressurization. Therefore, adequate

seals must be used in any case. The higher pressure required in this type

hammer complicates the sealing; however, by careful design and the use of

multiple seals, the leakage can be held to a minimum However, loss of
o

pressurization on the hammer would end drilling, while if pressurization was

lost on the other types of _er, they might drill for a brief interval

before the motor brushes wore away or the bearings siezed.

b. Rotary-lmpact Drill - Commercial Type

(I) Introduction

This concept developed by ARF is based on a relatively simple,

off-the-shelf, mechanism. By this means, the reliability already obtained

by field use of the drill concept wiU be utilized to accelerate the. attainment

of the reliability goals imposed by the lunar drilling task. It is expected

further, that the incorporation of a modified, lighter-weight versioz/of a

drill unit of proven performance will materia.Uy reduce the development

period. " " ,

The proposed drilling unit consists of a rotary-lmpact type drill

having a I-5/8-in. -diam. carbide-tipped drill bit whose drill shank is

5 ft long. Because the shank is of sufficient length to drill the maximum

hole depth desired, the c0mplexities inherent in adding extensions to •

rotary-impact drilling mechanism, are avoided. In addition, this. system

also has a provision for pla_ing an instrumentation probe into the drilled

hole.
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(2) Method of Operation

The proposed concept, see Fig. 33, employs a drill bit, which, together

with the rotary-impact unit, is free to move vertically along two guide colunms.

Thrust is applied to the drill by means of two constant-force springs mounted

on the drill unit and connected to the bottom ends of the two guide columns.

A winch mounted on the drilling u.nit, and attached to the spacecraft structure

above the unit, is employed for retraction of the drill bit.

Chips from drilling are coUected in the hollow-drill bit assembly.

To remove the chips, the drill is raised from the hole and the chips are

dumped into a sample collector or onto the lunar surface. The system design

in itself keeps the drill chips away from the bearing areas. This prevents

damage or jamming of the bearings by drill chips.

A minimum number of bearings will be exposed to low atmospheric

pressures. However, all bearings that must be exposed to low pressures

will be coated with a solid lubricant. The system is controlled through a

hermetically sealed relay box, which can be operated by signals from a

command controller or from an automatic programmer.

This assernbly can be divided into items, which will be individually

described in the following paragraphs.

(3) l_otary-im_ct Producin B Mechanism " . .

The ro.ta.ry-impact device is'based on the Skil Corp. Model 7_(_

Roto" Ha/nmero ' A drawing of this drill is shc_n in Fig. 3_. The rotation

of the electric motor" causes a piston to move upward. The gas pressure in

the volume between pistion and striker is thereby reduced. The difference

in the pressures acting on the two faces of the striker causes the striker-to

move upwards. When the. piston reaches the top of its stroke, luther rotation

of the electric motor causes itto move downward. The striker continues

moving upward. The increase in pressure of the gas between the piston and

the striker results in a deceleration in the upward motion of t_e striker.

Deceleration continues until the striker reverses its direction of motion and

begins to descend. The striker accelerates downward under the influence

of the compressed gas, between it and thepiston, until it delivers an impact
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blow to the drill shank. When the drill bit is not in contact with the rock

surface, the shank moves downward following the impact, causing the

striker to impact on a shoulder integral with the mechanism body. Therefore,

when the prime mover is rotating tl_.e drill and the bit is not in contact with

the rock surface, no impacts will be delivered to the drill bit.

The rotary impact device will be pressurized with a freon gas,

probably either bromotrirluorornethane or dibromodiiluoromethane. The

pressure will depend upon the performance of the impact device using these

gases. Multiple bellows and multiple sealing rings can be employed to

minimize gas leakage from the case to the lunar atmosphere. A high-pressure

gas-supply cylinder and a regulating valve will maintain the desired pressure

inside the "case.

Items such as drive motors and handles, present on the commercial

unit, are eliminated in the modified unit. A 0.7S-hp 24-v reversible motor,

which has operated satisfactorily at an altitude of | 50, 0O0 ft, will provide

drilling impacts and torques. The motor case will be pressurized tO about

3 psf through controlled leakage through the drive from the rotary impact

case.

The gear box design of the present unit will require some modification

to provide the proper ratio between motor and drill speeds, when the proposed,

higher-speed motor is incorporated in the design.

(4) Feed, Thrust, and Retracting Mechanlsn_

Vertical motion of the drill unit is guided by line&r ball bushings,

which are free to slide on the two vertical guide columns. These bearings

will be coated with molybendum disulfide to reduce friction. The drill ma F

move freely in a vertical direction, however lateral restraint is provided.

The lack of rigid verticai restraints aids in isolating the vibrations arising

at the drill bit from the spacecraft structure.

Two ZS-lb constant force springs are mounted on the drill unit and

connected to the spacecraft structure at the bottom of the guide columns.

This insures a constant 50-11) force acting downward on the drill. The drill

can be nised by a winch mounted on the drill and attached to the spacecraft
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structure above the drill. The winch is driven through a power take=oH

from the rotary impact motor by means of a self-energizing clutch. A brake

can lock the winch in any desired position_

The drill is moved downward by the force of the springs and its own

weight. During downward motion, the winch is declutched from the motor

and the locking brake released. The rate of descent, prior to contacting

the lunar surface, is limited by an inertial friction brake.

(5) Drill Bit Assembly

The 5-ft-long drLU bit assembly consists of a I-S/8-in. -diam.

carbide tipped cutting tool, a drill chip collector and a drill shank. A

standard rotary impact drill bit was used in the prelirninary design studle_

at ARF, however design modifications in existing bits were suggested by

test results. The properties of the carbide to be used should be selected

on ::.__ basis of the impact forces it receives in drilling and on the necessity

for remaining a cutting edge as long as possible. The design of existln_

commercial drill bits must give consideration to the rough handling the bit

receives prior to drilling.

The shank is inserted into a socket in the bottom portion of the drill

unit. Three stainless steel beUows seal the unit above this socket, but

aUow axial motion in a verticaldirection. No torque need be transmitted

through the bellows. A retaining clip and shoulder on the drill that contacts

a similar should on the inside of the drill case, limit the downward axial

travel. The striker applies the impact blows onto the top of the shank.

The configuration and material chosen for the long drLLl shank must

be carefully analyzed to obtain optimum performance. The loss of energy

during impact must be rninin_zed to obtain maximum penetration and drill

bit life. In one experiment at ARF, a S-ft shank, chosen with no regard

for system optimization, absorbed nearly §0_ of the total input energy.
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The driU chips are collected in a cannister which forms an integra/

part of the driU bit assembly. During driUing the chips enter the cannister

and are pushed upward into the chamber formed by the flat top of tl_e bit and

the cannister. When the cannister is full, the drill is retracted and emptied

into • sample coUec_or. A complete description of the operation of this device

is found in chip remora/cannister in this report in Section III-A-3. titled

Chip Remora/ Cannister. ' " • " : '
• o :

{6) Sample Collectors . - ..

Three potential designs were studied for use as the sample coUector

for this lunar drill. The choice of collector will depend on the amount of

sample required. If a large sample is desired for ana/ysis, the first system

is preferred, while, if a sma/1 sample is desired, the second system would

be chosen. The third system is adaptable to any sample size and can handle

all of the drilling chips from the hole. •Desirable features from ali these

systems may be readily combined into a modified system, which would be

more suitable for other sampling requirements.

The first two systems, are based on an indexing' turntable operated

by • motor using a Geneva type of drive. The motor will be • 28-v d-c

motor a/ready proved suitable for hlgh-altitude operation. A pressurized

case will be used,, and the motor will be operted in an atmosphere of less

than $ psi. The first "system is shown in Fig. 3& It consists of • turntable

that has 12 indexing stations, consisting of six, 1-3[4-in. holes and six

hoppers. The holes and hoppers are alternately spaced about the circumference

of • 3-1/2-I_" radius. To drill, the indexing mechanism is positioned so

that the drill shaft may be lowered through one of the openings. When •

sample is desired, the' drill is retracted upward out of the opening and the

indexing mechanism indexed so that a hopper is rotated under the dri11.

The sample is dumped into the hopper and the indexing unit again indexed

so that an opening is located under the drill. The drill may then be lowered

for further drilling. Chips in excess of the hopper 6-in. 3 capacity win

overflow and fan to the lunar surL_ce through the adjacent holes. Two

deflectors prevent the excess chips from falllng into the drlUed hole. For

each operation, drilling or sampling, the turntable is indexed 1/I 2 of •
: • • • t . "_ : -." " "
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drilled and the condition of the drill bit. To ensure a uniform particle size,

• pulverizer should be included in the overall spacecraft system.

The third sample coUecting mechanism is shown in Fig. 39. The

chips •re dumped from the canister on the drill bit assembly into • hopper

whose bottom is • cleated metal slat conveyor. The conveyor transports

the drilling chips to a point •bout 1S in. above the bottom of the spacecragt

where a wire brush removes the particles from the conveyor and drops them

into • collection chute. One of the five conveyor idlers is spring-loaded

and another held in position by a simple powered linkage (Fig. 37). During

drilling, one idler and the conveyor pivot downward to permit the drill bit

to pass through the sample hopper into the hole. The 8prlng-loaded idler

inove8 to maintain tension on the conveyor at all times.

{7} Mountins

To withstand the acceleration forces of boost and landing, the drill

unit and shank can be rigidly attached to the spacecra_t:stlt/cture by means of

• link and clamp. After the spacecraft has landed, an explosive charge would

disengage these holddowns. This method provides both • positive restrain-

Lug device and a simple and reliable release mechanism.

(8) Prolfe Emplacement "- ' . -

After drftl .ipg.the.hole is completed, It Is desired that • mechanism

be provided .which will lower an 18-in. -long, 1. S-in: -dim: probe intQ the

hole; In order to rn!n_Td_=e weight, the probe mechanism was integrated

wi, . tu mec  t,.= the/ ,, er shown Fig. -'S.. The =it is "
. '-. currents), designed to lower the probe only upon completeon o£ _illin_,: and ..

.. no'provision is made for retracting the probe or for stopping-it at other :

" than the bottom of the hole. After completion of d_tllins, the drill is " "

retracted and rotated {indexed) about on'e-sixth revolution relative to One "

of the "stationary guide columns. This motion remove|the drill from .over " "

the hole and simultaneously indexes the probe to a position above and in

Line with the hole_ from which it is subsequently lowered into the hole.
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revolution,"

_ne from the sux-_ace and five from equaUy spaced positions al'ong the length

always in the same direction. This provides a total of six samples,

of the hole. " .... "

• The second system considered, while 8omewh=,t more complex than

that discussed above, is also fairly simple. It does, however, provide "_

smaller Sample from a more accurately determined point al0ng the length of

the" drilled hole, ' The turntable has nine indexing stations as follows: "_' :"

six storage hoppers Of I-in. 3 capacity, one'openlng for passage of the dri/l,

one into which dumping of the waste chips occurs, and one for disposa1_f

waste _hips. In this Concept, the" hole is drilled to the depth at'which a sample

is required and then the drill is retracted. The turntable is indexed to the

waste hopper station into which the chips are duml_d. The driU is then

raised and the turntable indexed 180" and the chips dumped. The turntable

is indexed again to the drilling position, and sufficient material is drilled

to provide a I-in. 3 sample. The driU is retracted andthe turntable indexed

to a sample hopper. The chips are then dumped into this hopper. This

procedure is repeated at regular or programmed intervals for'a t0ta10f

" samples. Because of the increased amount Of indexing, the second typeSlX

of sample coUector requires a more Complex control circuit. The mechanlcal

features of this system are quite similar to the first type of sample collector.

Since bo.th of the is.boys sample collectors dump chips onto the lunar

"surface the possibi'lity of these falling back into the hole must I_. considered:

1_-xperimental studies are necessary to determine the angle of repose of

outgasse d _ock drilling in a vacuum. This. a.ngle can then be .analytically -

• evaluated for the lower lunar gravity to determine the ne:ed of baffles..to

prevent the waste chips from _g into the drilled hole.
.- - o

• The hoppers in these collectors provide a c'onven/ent sample storage

place until it is desired to analyze the material.- The material can then be

transferred to the analyzer by a system such as a vibratory conveyor. •

The conveyor design will depend on the location of the analyzer with respect
. ,-. _ _ ..to the dr.ill unit. ._ . _ , . ....... _.

The need for a pulverlze_ is dependent upon the particle size

produced in driU_ng. Particle size varies with both the type of rock being
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(9) Weight Estimate

The weight of this lunar drill system is estimated to be 40. ? lb

with either the ? or 1 2 station sample collector and 37.5 Ib with a conveyor

sample coUector. This estimate does not include the weight of the batteries

or solar ceUs used as a power source. The weights of the component parts

are shown in Tables 4 and S . This is & conservative we:bl-t estin_te,

and it is expected that a more detailed design, together with a thorough

stress analysis, would reduce the total weight slightly.

Iol-'17

Table 4

ESTIMATED WEIGHT OF LUNAR DRILLING MECHANISM

(TURNTABLE SAMPLE COLLECTOR)

f " _

\.

\_../J

Item Weight. 11).

Sli'ding Parts:

DriU Housing and Motor,

Winch and Clutches ..

Ball Bushings ...

Support Arms .. :

Constant Force Springs and Reels

Pressure Tank and Control

Drill Bit Assembl F : -

Sub -total

Mounted Parts: .

Mounting Brackets

Guide Columns

Geneva Drive Wheel and Gearing

Indexing MOtOr

Indexing Motor Pressurizing System

Sampie Collector Turntable

Sub-total

Oli ILLINOIS

- I00 -

Gear Sectors

Probe Statipn

Relay Box and Wire

As.ors llssAec. FOO.OAT,O.

10.0

1.0

1.0

1.0

3.0

2. 2S

S.O
m

23. 2S

1.50

2.5O

2.20

3. O0

O. T5

I. IS

3. O0

1.05

2. 50

IISTITUIE Oli

Total 4O. 9
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Table 5

WEIGHT ESTIMATE

Lunar Drill Mechanism

CONVEYOR SAMPLE COLLECTOR

Item Weight, lb

Sliding Parts:

Drill Housing and Motor

Winch and Clutches

Ball Bushings and Supports

Constant Force Springs and Reels .

Pressure Tank and Control

Drill Bit Assembly

Sub -total

Mounted Parts:

Mounting Bracket

Guide Colunms

Conveyor Belt

Conveyor Drums

Conveyor Drive

Conveyor Motor

Conveyor Motor Press_/rization

Conveyor Support Structure

Collection Hopper

Swing-Away Mechanism

Clean-Off Brush

Relay Box and Wire

Sub-total

Total

10.0

1.0

1.5

2.5

2. 25

5.0

22. 25

O. SO

3. O0

1. O0

0.25

1. O0

3. O0

0.75

1. SO

O. Z5

1.50

O. 2S

2.50

15. 50

37.7S

. y

AllMOU| ItESEAIICN FOUNDATION OF ILLINOIS

- 101 -

INSTITUTE OF TECHNOLOGT

ARF 8208-6

Final Report
/'/



(i0) Power and Control

Based on drilling experiments described in $ectionIII-B-2, a minimum

of 630 w-hr. will be required for drilling operations alone in penetrating 18 in.

of Gabbro granite. If the requirements for other electrical equipment and the

energy loss in the drill shank are added to this, about 10O0 w-hr. would be

required.

The power can be supplied through the spacecraft electrical system,

by batteries, or by a combination of these. Because of the high power level,

solar cells are not feasible as a direct power source. However, by using

i_termittent drilling and rechargeable batteries, energy from solar cells

could be utilized*

Bxsed on battery output of 50 w-hr./lb, 20-1b of batteries would be

required to provide the drill unit energy z-equirement.

Solar cells combined with batteries would provide the desired energy

at les.s weight. The drill would operate on battery current until the battery

voltage dropped below a designated value. The drilling would stop until tI_e

solar cells recharged the batteries, at which time drilling would be resumed.

Based on a battery capacity o t 190 w-hr. and a 12-hr. recharge perio d at

80_ efficiency, 4. 1 Ib of batteries and connectors and 7 lb of solar cells

would be required. This total power supply weight of I I. IIb could be

further reducecl by allowing a longer battery recharge period.

The driLl system can be controlled by either a command or programmed

system through a relay control box. In this system, eleven relays control

the performance of the complete drilling system. A block diagra_n of the

system utilizing & conveyor for sample collection is shown in Fig. _0. The

control system block diagram for the other two previously discussed types of

sample collectors is shown in Fig. 41 • Only the relays controlling the two

motors remain energized for extended time periods, while the others are actuated

for only a brief period. All electrical controls can be hermetricaUy sealed.

.Wires must be insulted with suitable rnateri_Is for the high-temperature,

low-pressure environment. Power and control wires to the drill unit are a

flexible coiled cable, similar to a telephone cord. No slip rings are used.
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Drilling must be intermittent to allow the drill motor to cool. A thern_al
0.

cutout will stop the motor when its temperature rises above a predetermined

level.. The motor is then aUowed to lose heat until its temperature drops

below another predetermined llmit. Ali relays may be operated by a

nominal 24-v d-c. The operation of.the drill motor, relays will require about

2. S-w power, that of the index motor relays I. 0 w, and that of the solenoid

relays. O. I 5 w. 1, ,. _ . . ..-

l
.

..

t . .

,

• o

o.

-o

0

/

. , . -"
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3.

4.

Table 6

OPERATION SEQUENCE

(9 Station CoUector) ._

Simultaneously: a. Start motor clockwi.

b. Release winch brake

c. Release holddown links and damp|

d. Release waste chip baL_les

Lower drLU to lunar surface {rate of descent controlled by overspeed
brake}

'.o . • °Drill for first sample

Retract drill by a.

b.

DriLl for next sample

Retract drill by a.

b.

Reversing motor

Engaging winch clutch

c. Energizing winch brake and releasing clutch
when drill is at top

5. Index turntable to sample station No. 1

6. Release winch brake, lower drill I-I/4 inches, apply brake

7. Dump sample into collector

8. Retract drill compintely as in step 4 _

9. Index turntable to drLU station

I0. Energize drill motor clockwise.

I I. Repeat step 2 except lower driU to bottom of hole
. %-

12.

13. Reversing motor

Engaging winch clutch

c. Energizing winch brake and releasing dutch
when drill is at top

14. Index turntable to waste station : " "

IS. Release winch brake, lower dri/1 I-I/4 inches, apply brake

l&. Dump chips into hopper

17. Same as step 8

18. Index turntable to dump position and dump waste

19. Repeat steps ? through 18 for a total of 6 samples

20. Repeat steps 4 through 12 for a total of 6 sarnples

{.
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Table 7

l@

SEQUENCE OF OPEKATIONS

(1 Z Station Sample Collector)

(Battery Charging and Motor Cooling Sequence Operation Not Included)

Simultaneously: a. Start motor clockwise

b. Release winch brake

c. Release h01ddown links and clamps

d. Release waste chip baffles

Lower drill to lunar surface (rate of descent controlled by overspeed
m

brake)

3. Drill for first sample

4. Retract drill by a.

b.

Co

Reversing motor

Engaging winch clutch

Energizing winch brake and releasing clutch
when drill is at top

o

6.

o

8.

9.

I0.

II.

12.

13.

14.

Rotate collector turntable Ill 2 ":evolution by energizing indexing motor

in positive direction

Release winch brake, lower drill I-I 14 inches, apply brake

Dump sample into collector hopper

Retract drill completely as in step 4

Index collector turntable I/I 2 revolution {in positive direction)

Turn drill motor clockwise

Repeat step 2 except lower drill to bottom of hole

Drill for next sample

Repeat septs 4 through 12 for & total of 6 samples

After last sample has been dumped, under :dri/1 and probe clockwise
116 revolution about stationary g_ide pillars.
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6:

7.

8.

9.

10.

11.

IZ.

la.

14.

Table 8

SEOUENCE OF OPERATIONS

(Conveyor Sample Collector)

(Battery Charging and Motor Cooling Sequence Operation Not Included)

Simultaneously: a. Start motor dock-wise

b. Release winch brake

c. Release holddown links and clamps

d. Swing conveyor down

Lower drill to lunar surface {rate of descent controlled by overspeed

brake}

Drill for first sample

Retract drill by: a.

b.

C.

Reversing motor

Engaging winch clutch

Energizing winch brake and releasing clutch
when drill is at top.

Energize conveyor drive and swing conveyor up under hopper

Release winch brake, lower drill 1 -I/4 inches, apply brake

Dump sample into hopper and transport by conveyor to chute

Retract drill completely as in step 4

Swing conveyor down and stop conveyor motor

Turn drill motor clock-wise

Repeat step 2 except lower, drill to bottom of hole

Drill for next saxnple

Repeat steps 4 through I Z untlt desired hole depth is reached

Repeat step 4.
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c. Rotary-Impact Drill - Sprin_ Mass Syste m

The previously discussed modification of an "off-the-shelf" item for

the lunar drill systems has many advantages. An alternate, more advanced

system, designed specifically for this application may be contemplated. This

alternate design incorporates efficiently the features most desirable in a

lunar system. This concept would require a complete development program.

However, the final product would be a mechanism designed specificaUy to

drill a hole and recover samples under the conditions in which it will be t_sed.

Such a device is described below, and shown in Fig. 4?.

After emplacement of the vehicle package on the lunar surface, the

drill begins to operate. The package has several functions: (a) to drill the

hole and dispose of the drillings, (b) to take samples for the lunar surface

and from the subsurface at intervals of one foot, (c} to store the samples

until called for by the analyzing apparatus, (d) to deliver the samples to the
s

analyzing apparatus when ordered, and {e) to store a probe and to lower it

into the hole after the full depth is reached and the final sample extracted.

Each of these operations wiU be controlled from the programming

circuitry in its proper sequence, subject to overriding signals from other

parts of the vehicle, and to intelligence acquired from feedback circuitry.

In the sirnplest sequence, the drill operation will commence after

emplacement and erection of the vehicle package on the lunar surface as

follows:

I. The drill is fed to the lunar surface by rotating in a forward
direction.

2. Upon contact of the drill point with the surface the depth control is
actuated. This control will sense the depth of the drill and initiate

depth-dependent activities, such as sampling.

$. First actuation of the depth control actuates the first sampling.
After a few turns of the drlU, the drill is reversed, thus retracting
it above the sample trays.

4. Tray No. 1 rotates into position under the drill, and the drillings
are discharged into the tray as described in connection with Fig. _9,
showing the operation of the ca:Lister.

.. ... : _ .. .__ _ ; - -_. ' ;_; .__- - ...._-;_. . . : .. .
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5. The tray rotates to the storage postion, upends, and dumps its
contents into the elevator. The elevator conveys the sample to a

higher level and discharges it onto a conveyor, which conveys it
to the analyzer.

6. During operation S, the drill is again advanced to the lunar surface

and starts drilling. After penetration of a distance equal to approxi-
mately six cubic inches of displaced material, the canister should
be full, and the drill is withdrawn.

7. This time, as the drill reaches its top position, the disposal tray
rotates under it. The drillings are discharged into it, again as

described in connection with Fig. 4cJ, and the vibrating conveyor

removes the drillings a distance sufficient to keep them from falling
back into the hole,

8. Operations 6 and 7 are repeated until the depth control indicates

that one foot of lunar surface has been penetrated, at which time
operations 3 and 4 are repeated, except that tray No. 7 is fiUed.

The material is not sent to the analyzer immediately, bt_t is held
until called for.

9. In like manner, operations 6, 7, and 8 are repeated until the sixth
sample is in the tray. At thiz time a squib or other disconnect is

operated and a spring rotates the driUing unit from over the hole,
and the probe in line with the hole. Since the probe has been re-

strained merely by resting on a "shelf," when it clears the shelf

lunar gravity causes it to drop out of the vehicle. Being now lined
up with, and smaller than, the hole, it enters the hole and continues

to fall until it reaches the bottom. The rate of fall of the probe

under lunar gravity is controUed by a damping system contained
within the probe cable reel.

In addition to the sample collector described here any of the sample

collectors described in the first design concept can be adapted to this design

concept.

All of the operations within the drill unit are powered by the single

drive motor, with the exception of the disposal chute and conveyor, which

operate by.means of a rotary solenoid and two vibrators.

The impact drill mechanism described below performs the following

functions:

1. Rotates the drill

Z. Impacts the drill

3. Applies a constant load on the drill during drilling

4. Feeds the drill at a rate which is dependent upon the load

S. Retracts the drill without impact.
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In Fig. A.3 the motor is shown driving a shaft in the mechanism through

a gear box clutch and a pair of spur gears. The lower end of the shaft drives

the feed gears through a reduction spur gear. The upper end of the shaft

drives a pair of bevel gears, which in t_rn drive a scotch yoke through a

sprag clutch. The scotch yoke causes the-hammer yoke to reciprocate

vertically, riding on ball bushings, which in turn ride on the hardened sleeve

surrounding the drill shank. Connected to the arms of the hammer yoke are

two intertwined "clock springs," their inner ends connected to the '_mmer 'I

which in turn rides on ball bushings on the sleeve. As the hammer yoke

reciprocates, the hammer follows out of phase and, at the lower end of its

stroke, impacts the anvil, which is threaded onto the drill shank. Thus,

the impact is transmitted to the drill shank and consequently to the drill

point. The hammer is splined into the feed collar and rotates with it.

The large spur or "driver" gear at the bottom of the assembly is

keyed to the drill shank by means of a key and a slot in the shank (not shown).

The feed gears are carried by the driver gear and mesh with the threaded

drill shank and with the internal threads in the feed collar. The load spring.

backed up by the vehicle, loads the feed collar through an anti-friction thrust

bearing.

When the driver gear is rotated in a forward dirction, the ratchet,

or sprag, rides freely, and the feed collar rotates with the driver gear until

the dog engages the spur inside the framework. This stops the rotation

of the feed collar IO that the feed gears are rotating around the drill shank.

In so doing they are rotated on their axes by the internal threads inside the

feed collar, and thus feed the drill shank downward. When the drill point

encounters resistance and will not longer feed downward, the feed collar

is fed upward, compressing the load spring until the dog disengages from

the spur. at which time friction allows the feed colinr to again rotate with

the assembly. The spring load is now applied to the drill shank through the

feed gears. When the drill has drilled far enough for the dog to again engage

the spur. the feed collar again compresses the spring.

When the direction of rotation of the driver gear is reversed the

ratchet engages and the feed collar locks and does not rotate. Thus. when
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the feed gears rotate around *.he drill shank axis inside of the feed collar,

they also rotate around their own axes, feeding the drill shank upwards.

When the drill motor is reversed to raise the drill and canister from

the hole it is desirable that the hammer does not operate. This is accomplished

by means of the overrunning sprag clutch built into the large bevel gear that

drives the scotch yoke.

It now becomes evident that to advance the drill and drill a hole,

the driver gear must be rotated forward, and to retract the drill from the

hole. the driver gear must be reversed. The reason for the complexity of

the system is the requirement that the maximum drilling load of 50 lb must

not be exceeded, which would be the case if the drill were advanced into

a hard material by merely screwing it forward.

The clutch, which is integral with the motor reduction gear, disengages

the entire drill mechanism when the motor power is being used for other

requirements of the pachage, such as operating the elevator.

The canister performs the function of containing the drill chips or

drillings, in order to extract them from the hole. The actual construction

and operation of the canister are the same as that described in the previous

COnCept-

Because of the additional research and development necessary on

this concept the power requirements cannot be specified. However, because

it is basically more efficient than the first concept, the total energy required

should be less than the I000 w-hr estimated for the first concept.

, The weight of the complete lunar drilling unit package is estimated to

be bet-: :_n 47 .and 48 lb. The weight of the individual subassemblies in the

package are shown in Table 9 • These d_ta are based on slightly conservative.

estimates (higher than actual} rather than an exact determination of the weight

of the unit. which may be modified during the design and development programs.

It is expected that the final design would weigh somewhat less than the unit

analyzed herein.
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Table ?

CO]vtLPONENT W_-IGHT ESTIMATES

(Alternate Design Concepts).

i ........... i j.j.

Item Material Weight, Ib

/

Canister

Drill Point

Drill Shank

Canister Cam

Elevator Tube

Elevator

Conveyor

Feed Collar

Hammer

Driver Gear

Driver Gear

Feed Gears

Sleeve

Bottom Plate

Hammer Housing

Motor

Addition to Hammer Housing

Other Gear Housings

]Programming

Probe Reel and Escapement

Wiring and Switches

Outer Casing

Sample and Storage Box and
As sociated Equipment

Discharge Chute

Discharge Solenoid

Casing Supports

Casing Base. .

Probe Container Tube

Reel Supports

ConnectAons and M3scellaneous

AItHOUII |SSEAtCN WOUNDATION OF

Seamless Steel Tubing

Steel and Carbide

Steel

Steel

Steel

Steel

• Steel

Steel

Steel •

Steel

Steel

Steel "

Steel

Aluminum

Aluminum

Aluminum

Aluminum

Total Weight

ILLINOIS INSTITUTE

O. 21 30

O. 188

8.84

O. 235

O. 84

2. O0

0.75

0.72

0.418

O. 21

O. 500

0.128 .....

O. 315

1.54

5. O0

0.75

1.00

5. O0

0.75

2. 80

3. O0

Z. 75

0.17

1.75

Z. 50

0. 904

O. 50

O.S

2.5

47.26
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d. Deep-Hole Drilling

A concept was developed for drilling holes of 40 ft or more in depth

and 3 in. in diameter. AI_F studies indicate that a down-the-hole rotary-

impact drill will be required for this purpose. There are several problems

involved in designing such a drill in addition to those encountered in the deslgn

of a conventional rotary-impact dri11. For minimum weight, it is Lmpractlcal

to use a long shaft to apply a thrust to the drill through the weight of the

spacecraft. Sin_ilarly, the drill torque cannot be reacted against the

spacecraft. Unlike conventional down-the-hole drills, it does not appear

feasible to use air to flow the chips up from the bottom of the hole, so •

positive collection menas must be provided. Another problem is packaging,

that is, selecting components and designing the drill with a diameter of 3 in.

or less. Although down-the-hole rotary-impact drills have been made with

diameters as small as 2 in , their down-the-hole mechanism provides only

the impact _force. Rotational torque is transmitted from the surface generall F

at quite a low rotational speed. One such drLll operates at 6000 blows/m_a

at 60 rpm.

A blockdLiagram of this deep-hole drilling concept i8 shown in Fig. -_.

The drill is lowered from the spacecraft on a combination cable, un_ilical

cord. When the drill reaches the bottom of the hole {during down-the-hole

operation} a friction ring and torque reacting rings are forced against the

side of the hole. Connecting links between the drilling package and the

bonnet are released, and the compressed load spring applies a thrust to the

drill, the upward reaction being sustained by the friction rings. Power is

applied through the umbilical cord to the rotary impact mover and drining

starts. Chips •re collected in • canister located just above the drill bit.

As the drill penetrates, the load spring extends, but the bonnet with the

friction rings rexna.lns stationary. Max/mum desired spring expansion occurs

when the canister i8 filled. The friction and torque rings are then released,

and the drill is raised into the spacecraft, where the canister is emptied.

The load spring is recompressed and the drill package locked onto the

bonnet. Then the drill is lowered into the hole and the cycle repe•ted.

The prelirnlnary concept, not studied in detail, illustrates • feasible

lightweight down-the-hole rotary impact drill.
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Fig. "44 BASIC CONCEPT. DOWN-THE-HOLE LUNAR DRILL
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2. Rotary Drilling Systems

Because of its relative simplicity and lack of vibration, rotary drilling

has some advantages over rotary-impact drilling. However, it does require

a high thrust and also is generally less efficient than rotary-impact drilling.

Although this type of drill is not suitable for use in the initial Surveyor system,

it" could be used on future systems in which a higher driU thrust is available, "

Its use will be influenced by the size of hole desired, and the type of rock to be

encountered, Its simplicity would be a definite advantage in a roving lunar

exploration vehicl_e. The drawings illustrating these drill systems all shown

soiid drill bit assemblies, however, a coring drill bit assembly, such as that

described in Section Ill-A- _o, can also be used and for many applications

would po|sess significant advantages.

• a. Rotary Drillin[[ System - Concept No. l

A" preliminary design layout for a drill driving head is shown in Fig. 45.

This drill driving head _erforms the functions of (a)rotating'the drill bit,

(b) feeding and retracting the drill rod, and (c} causing the vehicle weight to

be app.lied to the drilling bit.

Rotation of the drill rod (see Fig. _5 ) is accomplished by means of a

pair of vertical, shallow keyways cut into the helical flutes of the rod. These

keyways engage mating keys of the surrounding splined tube. The splined

tube is integral with a drive gear driven by a motor.

Drill feeding and retraction is achieved by means of a worm and worm

wheel system. This worm and gear system, as shown in the figure, is

mounted on a surface, integral with, and therefore rotating with, the spUned

tube surrounding the drill rod. The work wheel engages the helical flutes

on the exterior of the drill rod to feed the drill rod into the hole when desired.

The worm wheel is driven by the feed worm. as discussed below.

The feed worm rotates about its own axis only when relative motion

occurs between the ring and gear and the pinion attached to the feed worm

shaft. OrdinarLly, during drilling, the ring gear will rotate at the same

angular velocity, as the splined tube.. The drill loading force wiU be supplied

by the vehicle weight acting through the drLIA force spring. As the drill
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penetrates the lunar soil, the spring will extend, thereby causing the ring

gear brake surface to contact the stationary brake surface in the drilling

head case.
e

This caus.es the "pinion to rotate. The worm is rotated, causing the

wheel to advance, an_ the drill rod to feed until the rod action lifts the ring

gear to release the bra_r.e. The mechanism automatically feeds to apply the

unit, without relative motion, between the ring gear and the other rotating

parts. . •

Retraction is accomplished by braking the ring gear through an

.auxiliary _brake and reversing the rotation ot the drive motor.

All of the drill chip removal methods, which are described in

Section rrf-A-4 of this report, could be used with this drill system. That

selected would depend on the particular appllcation of the drill.

The driving unit, as shown in F.ig. _,5, employs a one-piece drill rod

about 64-in. long. It therefore requires a vertical headspace of that amount.

• The unit weighs about 16 lb without th_ driU rod and motor and occupies a

" volume of about Z75-in. $. If the driU bit assembly and the sample coUector

mechanism similar to that described in Section III-A-_b were used. the total

unit weight would be about 38 lb.

b. Rotary Drilling S_'stem- Concept No. 2

This system is a modification of the previously described drill device,

Concept No. I, in which either the total package height may be reduced or

the driUing of deeper holes is possible. This system, Fig. -_6 , uses a

drilling head similar to that described in Fig. 45 and Section _I-A-Z-a.

The driU rod. however, is made up in three lengths. These lengths are

stowed vertically in their respective places in a turntable, or magazine,

which can be indexed so that each section of drill rod is brought in line with

the drilling station.
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After the lunar drill proceeds to point where the first section of drill

rod is fully extended into the hole, drilling is interrupted and the turntable is

indexed 8o that the second drill rod section is positioned in the station over

the hole. The second station is clamped to prevent its rotation and the driU

head output direction is reversed to bring the first section of the drill shaft

upward to engage the threads of the second station. When coupling is com-

pleted, the reverse rotation is stopped, and the clamps on the second station

are released. The drill head rotation is then changed to the forward direction.

The drill rod will now feed and the drill will now rotate. The sequence i8 re-

peated for the third driU rod section.

If it is desired to retract the drill the procedure desc_-ibed above i8

'reversed. The drill rod sections are unscrewed and the turntable is indexed

backwards to stow the sections.

This concept presents considerable functional flexibility and has good

growth potential for driUing deeper holes. Additional stations could be

added to the turntable to hold more drill rod extensions or instrumentation

probes.

c. Rotary Drillin[_ System - Concept No. $

Another type of rotary drilling actuator is illustrated in Fig. _';-

This system is functionally similar to those previously described but uses

a different type of drive and feed mechan/sm. Intermittent drilling require-

ments are designed into the system, thus allowing sample delivery froxn

any programmed depth. A non-coring carbide-tip drilling tool is shown

in-the schematic layout; however, the actuator will accommodate other

types of driU bits.

A verticaily mounted rotary motor drives a torque tube through a

miter and worm gear train. The upper end of the torque tube consists of

a disc having a square openin K. into which a four-fiat spindle is mated. As

the torque tube revolves, the spindle revolves and drives the driLL Mounted

on the inside diameter of the torque tube is a ball bearing, supporting a bet1.

shaped nut. This uai% which is the feeding and retracting mechanism,

engages partial threads on the spindle and is driven through a gear-clutch

train by the torque tube. The clutch is included to provide torque control.
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The drill is rotated by the flates on the spindle, and downward feed is

accomplished by the threads from the feed nut. Motor rotation is reversed

to retract the drill.

The chips are collected in a canister which is described in Section

III-A-3a . When the canister is filled the motor is reversed, which retracts
°

the drill bit. The chips can then be deposited in a sample coUector or con-.

veyor system. Any of the sample collectors previously described can be

used with this drill system.

The weight of this system with a 5 ft long drill spindle and a 1 Z-

station sample coUector, Section HI-A-I, would be about 38 lb. If a conveyor

sample collector were used the weight would be slightly less.

d. Rotary Drilling System - Concept No. 4

This fourth conceptual system uses rotary slUing type cutters rather

than the conventional rotary drilling boring cutters. It features a telescoping

packaging technique to conserve space during transportation and a pressure-

stabilized structure during the drilling phase.

The major components of this system, Fig. _$, are: conveyor-ty1_ .

contra-rotating, cable-mounted, cutting bits, a constant-length cable drive,

three independent telescoping metal structures equipped with flex/ble inner

pressure tubes and the necessary valvingo pulleys, and pressure supply.
t.

Operation of this system is as follows:

1. Upon landing of the spacecraft on the lunar surface the system is

pressurized, which extends the side booms and tightens the drilling
cable.

Z. Drilling commences. Because the main boom is rnaintained at •
constant level and the side booms bleed g&s at a specHied rate, •

gas supply for the main boom is required. The main boom lengthens
and both side booms contact .during driUlng. Cutting tools serve
simultaneously as chip transportation containers.

3. At the end of operation, the main boom fully extended and side booms
set at terminal minimum lengths.

f -.
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e. Comparison of Rotary Drillin_ Concepts

The weights and functioning of concepts I and 3 are similar, and the

selection .of one over the other would be inflenced by development problems

and reliability.. The advantages of a system of this type can be sununarized

as: . • °
• . . • ,

I. A one-piece drill eliminates the complexity of adding drill rod
extensions ...... ._ .. . . .,- . ..

Z. The system can be. pressure,sealed by static seals at all pints
except at the drill rod:

3. The system provides auger holes that could be used to transport
the chips to the surface. - .... " : " "'

4. Automatic sensing and feeding of the drill pi;ovides maximurn'utility
_ of the vehicle weight.

5. The system not sensitive to temperature extremes.

The disadvantages of this type of system are:

I. The system requires 65 in. of head space to drill a 60-in, hole.

'"2. Little growth possibility is allowed for deeper holes, '-'" "

3. Pressure sealing will be required around the-threaded shaft. "

- 4. If driillng chips travel up the helical thread, they can damage the
drive and feed mechanism. , .

5. The drive and feed mechanism is relatively complicated. ...

Concept Z has .advantages and disadvantages simll_ T to Concepts 11

and 3. However. it requires less head space and has a moderate growth

possibility. However, it is more complicated than those systems and

consequently would require a more extensive development system.

The cable mounted cutter system, Concept 4, has several unique

advantages, but also introduces complications common to unconventional

approaches. The concept is credited with the following advantages:

I. Space-saving structure for rocket vehicle transportation.

Z. Possible configuration advantages for lunar landing shock.

3. Continuous drilling and Sample delivery technique from any depth
of the hole.

4. Low wear rate per "cutting tool. .........

5. Possible continuous cutting speed variation, if Controlled from
earth.

6. Cable-actuated boom retraction system.
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The disadvantages are:

I.

2.

3.

4.

Pressurization requirements. .. -

Catostrophic results due to accidental leakage,

Structural stability problems.

Need of at least three counterrota_ing cable systems to offset
torsional motion tendencies.

,- S. Dynaxnic stability requirements of the travelling cable Systems.

6. Large number of vacuum- and rock-particle-exposed bearing "
surfaces. ..

This fourth c_ncept would not be recommended for use in initial drilliAg

studies, however it might prove advantageous for future special-purpose

drLL1ing experiments.

3. Chip Removal •

As the hole is drilled in the lunar surface, it will be necessary '

to clear the hole of chips, or tlie driUing efficiency will decrease and

event_za31y the drill with stall.. Five concepts are described for this purpose

of_hich three collect the m_terials, in a canister that forms a l_rt of the

drill bit assembly. In these, when the canister is filled, the drill bit is

retracted and the canister i_ emptied o_ the lunar surf&ce. In two such

systems, the canisters are for use only wit_ solid drill bits; while in the

_hlrd a coring drill bit is used. The remaining two methods continuously

remove chips from the hole; one of them uses a_spiral ramp

conveyor, and the other uses fluidized particle conveyance•

methods are illustrated with solid drill bits, but are readily adapted to a

coring bits. The fluidized•particle conveyance chip removal syst,_.m could

be read/ly incorporated for use with diamond core drUli.ns.

vibratory

These latter two

a. Chip Removal Canister

This drill chip removal system, Fig. 49", provides & relatively

simple and positive way to remove the chips from the bottom of the hole.

The cutting tool consists of a short drill bit with a two-flute cutter and a

reduced-diameter shank. The canister, which is slightly smaller in

diameter than the bit, is mounted so as to slide on the shank of the drill

-L
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When it is desired to remove the drill chips from the hole, the bit is

rotated backwards. The detent springs on the canister resist the rotation

until the pin reaches the end of its travel in the cam slot. At this time, the

canister flaps h_ve been rotated far enough with respect to the bit that they

cover the bit flutes, and thus prevent the drill chips from dropping out " "

through the flutes. Continued reverse rotation causes the driU to be retracted

from the hole.

Retraction continues until the detent springs pass through and engage

a ring detent. This is the highest point reached by the bit in its upward

motion. The bit is now lowered slightly exposing the driU chips as t_e detent

springs prevent the canister from lowering with the drill. The drill 111 nexl

rotated several times while a stationary brush in the hopper brtisheR the

chips off of the bit and into the hopper. The drill is now •raised again, the

hopper swung out of the way, and the drill again _owered toward the hole.

When the drill is lowered far enough, the deterit springs can no longer retain

the canister in the upper location. The springs are forced through the ring

detent, and the canister spring pushes the canister to its normal locaUon on

fhe bit. When the bit enters the hole and starts turning, the detent springs

ligain drag on the sides of the hole, to rotate the canister, and in so doins,

lock it vertically in place and again expose the flutes in order to collect chips.

• When a given depth of driUing is accomplished, a projection on the

inside of the hollow shank of the drill rubs against the o_itside of core and

breaks it off. Then the drill is reversed to close the canister, and the

fingers are carnmed against the core to grip it by means of the finger cams,

so that when the drill is lifted out of the hole, the core is lifted with it.

When the canister is engaged by means of the detents and the drill is lowered

to dump the chips, the finger cams disengage, allowing the fingers to release

the core and drop it into the collector bin.

c. Canister Drill Bit

:

This canister-type chip removal system functions in a manner similar

to that of the systems previously described. It i8 however mechanically

different. Its application i8 illustrated in Fig. 47. A flutedhollow drill

with a sliding cutting tool to transport the chips from the hole is proposed.
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The chips enter the hollow body of the drill through elongated portholes° When

retracted, the spindle passes within the torque tube so as to push the trip " "'"

sleeve down against the spring; causing the bottom Section of the drill body

to open. • Through this opening, the chips are delivered either to sampling

troughs or a dumping coriveyor. With downward feed, the spring brings the

plunger into drilling position again and locks It in the slot,-ready for th_ -'.

next dr sequence. " " " -"

. o . . • - s

d. Vibratin_ Spiral Ramp Conveyor .... . . .,

Removal of the chips or drillings from the hole "may present a problem

because of the lack of a suitable atmosphere for entrainment of the particles.

The spiral ramp conveyor (Fig. No. 51) is designed fo remove the chips as

fast as they are produced to prevent the po.ssibility of packi,_g.- _t is a_

accomplished fact that particles can be moved - even uphill - by a vibrating

conveyor," although the present applications of this mode of conveying ._.

materials "of this type are in straight-line conveyors. : . ._ . .

The spiral ramp conveyor is essentially as a straight-line conveyor

wrapped around the inside of a tube. Vibration of the tube in a helical-

torsional mode should then move particles around the curved ramp in &

direction dependent upon the direction and mode of the vibration. Because

different particle sizes and densities respond most efficiently to different

frequencies and amplitudes of vibration, a "voice coil" capable of reproducing

a range of frequencies and amplitudes is shown in the accompanying layout

as the actuating mechanism.,

The drill point and shank are shown surrounded by a spiral ramp on

the inside of a tube as described above. Near the top of the tube, the spiral

ramp ends in a discharge trough. The actuating mechanism at the tip of the

tube consists"of the above-mentioned voice coil, shown in conjunction with

a permanent field n_agnet, cam rolls, and cam:trax:ks; .... _" "

., In oper'atiO_ the drLllings wiil accumulate_;'' "'"" on the top of the drill bit.
• . ,.° ..

When a.layer of ground-up materials becomes thick enough to engage the

lowest point of the spiral ramp, some of them overflow onto the ramp and

are conveyed upwards. When the drillings reach the top of the spiral ramp

they spill out through the discharge trough to be conveyed away.
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e. Fluidized Particle Conveyance

A chip fluidization technlque was investigated, and the system described

schematically in the block diagram (Fig. 52 ) and in t_e component layout

study {Fig. 53) was conceived. The system requires no In-the-hole casing

and relies on the assumption t1_t no sub-surface cavities or porous material

layers will be encountered. The drill unit features a hollow stralsht-fluted

drill, similar to the types known as a "gun drill." {Fig. 53 shows the layouts

for both helical- and straight-fluted drills.) The drill could be used With

solid or coring carbide drills or with diamond core drills. It is the only

concept developed herein which can be practially adapted to diamond co,

drill/n s.

The distance from the actuating mechanism to the |unar surface is

enclosed by a telescoping tube sealed to the lunar surface. Quick-freezing,

plastic, non-diffusing materials are visualized to seal the contact surface.

Gas is fed from the fluting into a cyclone separator where the particles are

removed from the stream. The gas is then returned through a compressor

to an accumulator and thence into the hollow drill shank. A gas make-up

reservoir is provided to compensate for leakage.

Ana. lyrical efforts were concentrated on helium as the particle

fluidization medium. The following assumptions were made:

: I. Isothermal flow, except in the compressor where an adiabatic

process was assumed.

2. Temperature = 3Z.*F.

$. Pressure = I0 Ib/L_ Z absolute.
o

4. Solid densi3tT, of fluidized particles, I. 56 sluss/ft $
(= 50 Ib/ft ; for comparison: dry clay density = 65 Ib/ft_.

The multiparticle terminal (free-fall) velocity equation l_ef. 61 is

presented as a function of particle diameter in Fi I. 54. A velocity of I0 ft/sec

is chosen for analysis, corresponding to a particle diameter of 35 x 10 -4 ft

{35 x 10 .4 = 10S0 microns). Experimentally determined particle size

distribution (Fi z. 4 ) indicates that this velocity would remove better than

95_ of the particles. , " o
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Pressure drop calculations follows: .."

Pressure drop across the fluidized bed (Ref. 65):

Zg. g g D

fvW
÷ s s ÷WL = 0.031bI

t"

where: " -- .
o"

vf = superficial fluid velocity, 20ft/sec

v s - = :actual solid partic.le velocity, I0 ft/se© _

_fl = fluid lunar density. 1.28 x 10 -3 lblunarlft 3

g = " acceleration due to lunar gravity. 5.34 ftlse¢ 2

- f = -fluid friction factor, 0. l

fs = par_cle-fluid friction factor, 0. I

" Ibluna r/sec-ft 2W = solids mass velocity, 0.;01
°"

I. ; flmdized bed height. 10 _;

D = effective pipe alia.meter, 0.06Z ft..

Z." Pressure drop across the cyclone:

] +,-

_p= • .... I = 0. Z
• in.

o

where:

" v t = tangential fluid velocity at r I , I00 ft/sec
_.

r| = outer radius;, r I = 2r

r = central core r&dius

n = a constant, 0. 75.

°

°.
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3. Pressure drop across the hollow section of the drill (ref. 60):

P2 _
= 16. I, corresponding to -.97

JJ

_p = 0.31b/in. z

The c.ompressor is required to make a small pressure drop onl._

Ap- _ -o.o3+o.z +o.3= o.5 Ib/i_. z
total

Pressure drop estimates indicate that power requirements for transporta-

tion of fluidized particles are low. In view of the results, weight and energy

trade -otis were not studied.
- o

Controlled leakage was considered, with orders of magnitude checked

"for the foUowing model: Helium pressurized container, at T = 492"R,

10-1b/in. 2 pressure and one opening, I mm in diameter. CriticaL1 flow
o.

equations used:

; "" * " . • . t

Wile _

where;

A = unsealed area. 8. 75"x 10"6ft. Z

Po " stagnation pressure. 10 1b/in. 2

T = 492"A '"
O

k = I. 67

R _ = gas constant, 386 ft-lb/Ib-*F

In 20 days, or I. 730,000 sec. leakage would amount to 36 Ibeart h of

helium.. Additional plots included for comparison and conversion of units

are: ."

I. HYdrogen fluidization at T = 492"11, Fig. 55
oo

-. Z. Hydrogen iluidization at T = 150"11. Fig. 56

3. Feet vs microns - a conversion plot, Fig. $7
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4. Casing - the Hole

In the event that the lunar surface is composed of a compacted or

semi-compacte d aggregate, dust, or other loose material, the danger of

cave-in exists. A cave-in at the least would spoil the stratafication effect

of the material being extracted and analyzed and at most would jam thedrill

and render it inoperative. The presence of a casing above the drill would

prevent such xnishaps.

The difficulties attendent to installing a single piece of tubing the full

depth of the hole are obvious. Several lengths of tubing, to be fastened

together as the hole depth progresses, present a number of problems in

programming, assembling, etc. A simple system would add the casing

continuously as the hole depth progresses. Such a system is presented in

Fig. 58.
m

The casing consists of a tube, spirally formed of fiat spring wire,

_vith the wire edges formed into a channel and an interlocking ridge. The

leading edge of the casing is a solid ring, pre-located in position to start the

casing. The balance of the casing is stored in the cover adjacent to the axis

of the hole. As the hole progresses, feed rollers rotate t._e stored casing.

The motion separates the lead end of the stored section from the stored tube

and feeds it through the guides into engagement with the vertical, or "in-the-

hole," casement. Close guidance of the detached part of the casing assures

proper rematch. Retraction of the casing from the hole requires only that

the feed rolls be reversed.

In order to accommodate a casing as shown in Fig. 58 the drill bit

must be able to be withdrawn for changing or chip removal; either the drill

bit must be collapsible or the hole must be larger than the drill bit. Fig. 58

also depicts a means of enlarging the hole to accommodate a casing through

which a solid drill bit can be withdrawn. The mechanism consists of a pair

of reamer bits, which position themselves radially with respect to the

mechanism center as a function of the direction of rotation of the systezn.

Specifically, the reamer bits, a, are T-shaped in cross section, and

rr_te withand slide in slots, b, of matching cross section in the mechanism

body, g. A single gear tooth, c, formed on the cutter, engages a matching

6,
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slot in the driving shaft. Thus, when the shaft, f, is rotating in the direction

required for cutting, the reamer bits are held extended as shown in Fig.

58 , and, when rotation is reversed, the reamer bits are retracted.

The reamer bits are actually driven by extensions of the shaft forming

keys, d. on the driving shaft, which engages slots, e, in the reamer body.

These slots are circurnferentiaily sufficiently larger than the keys to allow

enough relative radial motion between the shaft and the reamer body to

extend and retract the bits.

i :

e_

5. Instrtzmentatlon (Rotary-lrn[_act Drill)

Instrumentation of the driU system will be required to determine the

hardness of the rock being drilled and to operate the drill. In addition a

knowledge of operating conditions would be very useful, if not necessary,

in a failure analysis.

The rate of drill penetration will give an indication of the hardness of

the rock. ARF experiments with sandstone, Gabbro granite, and concrete

confirmed that a relation existed between the characteristics of the material

drilled and the rate of penetration in rotary-impact drilling. To obtain

additional quantitative data, a series of experiments must be made with •

wide variety of rock. It has been postulated that with some resilient types

of rock or with a dull drill bit the rate of penetration alone would not be •

reliable index of the rock hardness. Data supplied by an accelerometer located

in the drill would provide additional data regarding rock characteristics.

DrLO can be sensed by use of a spring-loaded rotary position

transducer driven by a cable and drum linkage. If a multi-turn potentiometer

is used. the linear travel of five feet can be converted directly into rotation

without a gear reduction. If, because of environment considerations, the

potentiometer-type sensor is undesirable, a single-turn rotary differentinl

transformer with an appropriate gear reducer can be used. Since drill travel

velocity will be low, this type of sensing device provides a compact and rugged

instrument with adequate speed of response.
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The determinations of rock har_--ness by sensing the axial acceleration

of the drill shank can be accomplished by use of a seismically mounted sensor

sensitive to the axial acceleration. A two-section pickup coil (magnetically

shielded from the motor inference) is seismically attached to the drive

housing. The drill shank is magnetized so as to induce voltages in the coil

when relative axial displacements occur between the drill shank and coil.

The two sections of the coil are so connected so as to add the induced voltages.

The device may be-described as a velocity-sensitive sensor. In order to obtain

an accelera_on signal, the output must be differentiated with respect to time.

This can be done in a simple passive network, since static response is not

necessary. Some:d-c voltages and voltages of the shaft rotational frequency

will be generated because of errors of symmetry and concentricity of the coil

with respect to-the shaft. - Because shaft speeds are low (SO0 rpm}, these

frequencies cab be electrically filtered since the impact accelerations contain

relatively high:frequency components.

An open loop or command system of drill control will require

knowledge of the penetration, the driU speed, and the power consumption.

In an automatic system, this information would be desirable for use in any

failure analysis. Power, speed," and any other operating conditions could be

monitored by off-the- shelf-type equipment.
°. .

The cornplete instrumentation package chosen must be compatible with

the data charmel space available. In general, neither continuous nor

simultaneous monitoring of this instrumentation is necessary.

6. Dynamic Environment

The problem of dynamic environment as applied to the lunar drill

package n_y be considered in two parts. The first part constitutes rocket

vehicle transportation and lunar landing environment: here the drill need

only be structurally sound to survive the trip. The second part constitutes

actual drilling operation and the resulting environment as imposed on the

lunar vehicle.

: - *o•
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Design for transportation environment would follow well established

methods. The natural frequencies of the drill and the mounting structure

must'be such that the drill unit has a higher natural frequency than that of

the primary spacecraft structure to eliminate the possibility of the drill

acting as an efficient dynamlc absorber for the primary structure. Special

attention should be given to all long and slender structures, actuating and

locking mechanisms.

Drilling operations produce vibrations which might excite lunar

operational structures suc]= as the solar panels Or antennas. The strength

of the source, the forcing frequency, the transmissibility of the intermediate

structures must be considered. The drill unit itself must have the capacity"

to operate in its own environment. " "

_" Forcing frequencies would probably _ in the low range of the

spectrum e. g., Skil Model 736 however produces 2200" blows per rain , which

is equivalent to 37 cps. The long rotating unbalanced shanks will be rotating

at less than 1000 rpm (16.7 cps). Dynamic absorbers will probably be

required though the in hole drill configuration will produce some damping

effects. _. _. "-
o

7. Friction and Lubrication --

o o.

- _he coefficient of friction _'ween two met_l surfaces is higher in a
.o

_acuum than at normal atmospheric pressure for both metallic and nonmetallic

materials. The magnitude of this increase depends largely on the condition

of the surface and on the amount of outgassing that has occurred. This

increase is believed caused by the removal of surface films which allow the

rnater_Is to weld at the points of contact. Successive welds and shears then

gouge the surface, greatly increasing the resistance to motion.

• "

Experiments described in ref. _,6 and b8 record values of the

coefficient of friction between metal surfaces generally between four and Six

although the value in air was less than one. In the experiments, thoroughly

cleaned samples were outgassed at 600" C for I to 2 hr in a vacuum chamber.

The samples were cooled in the chamber, and the experiments were conducted

at a pressure of about 10 -6 mm Hg. Other studies were conducted on the

I -I""

i"
i
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vacuum coefficient of friction using merely degreased metal samples with no

outgassing, ref. 67- These surfaces exposed to an immediate vacuum showed

only an average of a 50_0 increase in the coefficient of friction over that

recorded at atmospheric pressure.

During flight and the time spent on the lunar surface, the drill xnay be

exposed to pressures of 10 -12 to 10 "14 nun Hg at temperatures up to 260"F.

Bearing surfaces heated by friction during operation can reach

temperatures in excess of 260"F. The outgassing rate varies directly as

the change in pressure and as an exponential function of the temperature,

and varies inversely as the square root of the time. The total outgassing

of the driU components can be calculated, however there is insufficient

data available to permit correlation of the total outgassing of the material

with the increase in the coefficient of friction.

In addition, the experiment_1 data available were largely obtained at"

vacuums down to only about 10 -6 mm Hg. At a residual pressures of 10 "6.

a completely contaminated surface absorbs a monomolecular layer of gas

in about I. 6 sec. Therefore, some surface films were present in all these

experiments. Not until experiments can be made at pressures below 10 -9

ram Hg will the surfaces stay clean for hours instead of for seconds or

minutes. Until this data are available no accurate estimate can be made of

the coe_Cicient of friction between surfaces in the lunar atmosphere.

Very little data are available on the coefficient of friction in a vacuum

between non-metaUic :naterials. Studies reported in re_. 67 indicate •

definite increase in the coefficient of friction between KeI-F blocks, but no

noticeable increase between often-impregnated fiberglass. Reference 75

indicates that Teflon works well in vacuum seals around rotating shafts.

However, some prelirrdnary studies indicate that the low coefficient of

friction of Teflon results from surface film. Therefore. at pressures below

10 -6 nun Hg after exposure to 260"F temperatures, Teflon may loose its

surface film and exhibit a high coefficient of friction.
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The available experimental data indicate that for operation of bearings

on the moon either lubrication must be provided or a semi-closed system

must be used. Lubrication may be accomplished by using low vapor pressure

greases or solid lubricants. Both will evaporate after'a period of time.

Although the grease will evaporate more rapidly, it can be self-replenishing.

Solid lubricants are plated on the metal surfaces and therefore are not

self-replenishing. The most common of the solid lubricants are molybendum

disulfide and tungsten disulfide. These have performed satisfactorily in some

applications down to 10 -6 rnrn Hg, ref.74, 7_ Proprietary studies, reg, 78,

claim another type of dry lubricant to be greatly superior to molybdenum

disulfide at pressures of I0 "6 to 10 -8 nun Hg.

A closed system will operate all bearings under pressure to avoid the

loss of surface films. Since such a system could not be hermetically sealed

on a lunar drill, a pressurizing supply would have to be used.

The best lubrication system based on present knowledge appears to be

the use of solid lubricants in a system pressurized to about 10 -6 mm of Hg.

The leakage over such a small differential pressure would be low and could

be made up either with subliming solids or a compressed-gas supply.

Bearing surfaces in a lunar drill device should be lubricated and pressurized

to 10 -6 mm of Hg wherever possible. Lightly loaded guide bearings can

probably be used with solid lubrication, butwithout pressurization.

8. Evaporation of ]_aterials

/

\

The lunar vacuum environment will increase the rate of evaporation

of n_terials and of surface coatings on the materials. The loss of material

will change the clearances of bearings and seals, dissipate protective coat-

ings, and eventually could effect structural integrity. In addition, since

the evaporation rate depends upon the temperature, material evaporated

from a hot area may condense on a cooler one. This could be particularly

troublesome if metal vapors were to condense in electronic components.

Most structural metals will evaporate at very low rates and are

suitable for even long-term exposure to the lunar environment, ref. "/9

However, zinc, cadmium, and pure magnesium have fairly high evaporation

rates and should be av0ided, although in general magnesium alloys can be used.
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Estimates on the weight loss of metals can be made using the Langmun

equations (ref. _0 ) and vapor pressure curves for the elements. This

equation i_

p = 17.14G {T/M) l/Z

where

= vapor pressure in mm Hg at T *KP

G = rate of evaporation in grn/cm2-sec

T = temperature, "K

M = gra m molecular weight.

This equation was developed from the kinetic theory of gases in order to

calculate the vapor pressure of metals based on experimental data on the -

evaporation rate of metals at elevated temperature in & vacuum. Vapor

pressure curves plotted from this equation, ref. 76 , can be used to deter-

mine the weight loss of metals under exposure to & particular temperature

vacuum environment. ,

Organic materials will generally be more severely affected by the

lunar environment, particularly the vacuum combined with high temperature.

The effects may include evaporation of the material itself or mechanical

degradation due to the evaporation of volatile components of the material.

The percent of weight losses of some organic rr_teria18 after 24-hr

exposure at 300"F. at 3 to 4 x 10 -5 mm Hg are shown below (ref. 71 ):

Material L Weight Loss, _ "

KeI-F I. 6 - 2. 2

Phonotec 4. 6 - 6. Z

•Polyvinyl Butral 9. 1 - 41.7

• Silicone Alkyd 14. 2 - 36. 0

Acrylic 19. 1 - 43. 0

Neoprene •26. 4

Nitro Cellulose 47.6 * 86. 2

The wide variation of the experimental results indicates the need for additional

experimental work and caution in the use of these materials.
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Work discussed in ref. 69 indicates that Teflon will lose less than

10_ of its weight per year at temperatures as high as 700"F and vacuums

of I x 10"6_Hg.

On the basis o£ available data both Teflon and Kel-F appear satisfactory

for use in the lunar environment. For short-term exposure, some of the

other materials could be used as protective coatings where some evaporation

could be tolerated. -.

9. " .Fati[[ue Life

The fatigue llfe o£ metals in a vacuum may be considerably greater.

than the fatigue life in a normal atmosphere. Data from references showed

that the fatigue life of 316 stainless steel was greater in a vacuum than in.
0

air by factors of 25 to T7. The increase for nickel was 9, and, for aluminum

and copper, ranged from 2 to 40. A possible explanation of this phenomena

are discussed in th.e above references, but no explanation is completely ..

confirmed by experimental data. It is suggested, in ref. ?2 _ that there ..

m_y also be temperature-stress combinations at which the fatigue life is •

lower in a vacuum than in air.
; 4.

The increase in:fatigue life under vacuum environment is indefinite

and cannot be used in a lunar drill design until more experi_lental dat_ "are

available. Engineering materials that already have a high endurance limit

may not show any improvement in & vacuum life. The stress-operating

temperature condi_on of lunar drill, components may also be such that they

have a lower fatigue life in a vacuum. Therefore. in any drill design.

components subject to fluctuating stresses must be experimentally tested to

determine their fatigue Life under the environment in which they will be

expected to operate.
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I0. Motor O_eration

The operation of direct-current electric motors in a low=pressure

environment is impaired because an adequate lubricating film does not form

on the commutator and the brushes tend to powder and wear away very rapidly.

Alternating-current induction motors are available which will function in an

atmosphere of 10 -14 ram Hg without any pressurization of the motor case

(except that required for satisfactory bearing operation). The overall system

weight of a d-c electric motor driven u_it will be Considerable less than an

a-c motor system. In this application, the primary energy source will be

d-c current from either batteries or solar cells. Therefore, an a-c motor

will necessitate the use of d-c toa-c inverter. Presently available aircraft-

type 400-cycie 31 v with a 5S0-w output weigh about 27 Ib and are about

45_ efficient. This would add to the system not only the 27-1b weight for the

inverter, but also weight for additional batteries or sol&r ceUs because of

the low efficiency of the inverter. For example, if 1000 w-hr were required

at the drill motor, a total of 222S w-hr would have to be supplied to the

inverter; this would require 22. 5 lb of additional batteries (based on 50 w-hr/lb).

this added weight of 49.5 lb makes an a-c motor drive impractical unless

an inverter is necessary in the spacecraft for other purposes. Even then.

the low efficiency alone will cause considerable weight penalty. The weight

that could be saved when using an a-c motor on the motor pressurization

system and on the weight of the motor itself is quite low compared to the added

inverter and battery weight.

A d-c motor can be operated in a vacuum by pressurizing the motor

case. High altitude brushes are available that will permit operation at

pressure altitude of over 150, 000 ft. Satisfactory brush wear and low bearing

friction can be obtained.by pressurizing the motor case to this altitude, which

corresponds to about 3 psf.

• /
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An additional problem of operating an electric motor in a vacuum is

the same as in operating a motor in a high-temperature environment: Under

very low atmospheric pressures, the heat developed within the motor must be

dissipated almost entirely by radiation. Therefore, the operating temperature

of the motor must be considerably above the ambient. The temperatures

the insulation system can withstand will limit the rating of the motor. In

addition, the increased resistance of conductor materials at the higher

temperatures results in a decrease in motor efficiency, hence more _eat :"

must be dissipated for a given work output. The effects of using silver as a

conductor for this application should be investigated.

Another important _ctor is the degradation of magnetic characteristics

at high motor temperatures. Magnetic materials having high Curie temperatures

are required because such materials generally retain a reasonable part of

their room-temperature magnetic properties at the elevated temperatures.

Silicon steels used in development work on 500*C components have been found

to be adequate.

High-temperature bearings and lubricants are available for use in

electric motors. Gaseous and solid lubricants can be used to provide

satisfactory low-friction and high-temperature operation.

If continuous motor operation is necessary, a cooling system must be

incorporated to remove heat. However, this would add additional weight and

complexity and is unnecessary when the motor can be operated intermittently.

11. Pressurization

From the standpoint of measurements and sampling of the lunar

atmosphere, it is desirable that gas not leak from the drill assembly. However,

from a practial viewpoint this is probably impossible. Outgassing and

evaporation of the materials will, in themselves, _yield a slight contamination.

Any drilling system for minimum weight and reliability must be pressurized

in some areas for motor operation an_l to insure acceptable bearing

friction. These parts cannot be hermetically sealed and must employ

dynamic seals.

r
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A no-contamination system co ,uldbe built at a great increase in

weight and decrease in reliability. An example of such a system would be

a hermetically sealed d-c to a-c inverter supplying current to operate an

electromagnetic hammer. Rotation and feed would be provided by an a-c

induction motor. The inverter (or a vibratory power supply} would add

substantial weight. A more important consideration is the doubtful behavior

of bearings, even with solid lubricants, at pressures of I0 -14 nun Hg.

Themost reliable approach consists of pressurizing the interior of

the various components su£ficiently to insure reliable operation. Leakage

can be minimized by careful seal design and the use of multiple seals.

The effect of the cont_raination can be redrced by either of two methods.

The first is to use a gas with a mean-square molecular velocity that is close

to the escape velocity on the moon of '2.'4 _n'Isec. Such a gas will "quickly

dissipate from the moon. Either hydrogen or helium, with mean-sq_re

molecular velocities at 100*C of 2. 1S kmlsec ancl I. 53 kmlsec re'spect:xvely,

would be Suitable. A second solution is to use a gas "such as one of'the freons

that would immediately be recognized as a contaminate in an analysis of the
• : " ' " d .

lunar atmosphere.
t

• The second method has several advantages over the first. The heavier

would be easier to seal. Also, some of the freons, such as CF2Br 2 or

C F 3B r, perform satisfactorily as lubricants at temperatures as high as

1200"F. These gases would serve as pressurizing mediums and as lubricants

permitting high-temperature operation of the components.

Bearing and rotary seals wiU be a/source of gas leakage from any ,.

pressurized components. Since these components may be pressurized to

less than 3 psf and possibly as low as I x 10 -6 xrtrn Hg, the norma.1 dynamic

seal leakage equations cannot be used. Therefore, the foUowing equation

was derived, which can be applied to the flow of gas through a narrow annulus:

.° . • . . • j _ •

*_'9 •
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where:
Q is the volume flow, ft3/sec

q is 32. 2 ft/sec 2

a is the outer radius of the annulus"

b is the inner radius of the annulus

"" /O is the gas viscosity in Ib/ft-sec
_0 • °

"p is the pressure in psf ...... "" _ " _'"
o . o . .,o. -, ,. _ . .° _ ,.

Pm is the mean pressure

is the gas density at unit..pressure,. .-. .,

.' . .

is the

8

... ;;_ - .

• #.

t:. ". -'" -
.J o

differential pressure drop over a length..d_.

The derivation and solution procedure for this equation is described in

Appendix E.
?

With ° __ equatio_ the leakage through an annulus I-in. -long and

1. O00-in. inner diameter and 1. 010-in: -outer diameter was calculated for ,

H Z and CF3Br at an initial pressure of 0. I mm Hg and.a temperathreof

460"11. H entrance losses are neglected, the leakage rate for H 2 is : ' "" "r:

6.8x 10-§Ib/hr and for He is 3. 2x 10 -3 Ib/hr. An annulus of such dimensions

is a very poor seal, and considerable improvement could be made by using

lower clearance or labyrinth seals; "
• • o- "0 , •

12. Day Versus Night DriUing
• •o ; • o. ,

The advantages of day drilling versus night drilling need only be :..

considered when sufficient energy is available to complete the drilling opera-

tion without depending on energy from solar cells. H solar cells are

necessary to operate the drill or to recharge batteries that operate the drill,

only the lunar day can be considered as a suitable operating period. The

main advantage of drilling during the lunar night is that thermal energy pro-

duced during drilllng is more readily dissipated because of the sub-zero

ambient temperature environment. A continuous driUing operation could be

possible during the lunar night, while intermitten t drilling, with pauses

to cool the equipment, would be necessary during the lunar day, if supplementary

cooling were not employed. If, for sampling or analysis of materin18,

intermittent drilling may be desired, the continuous capability of night

operation would be of no advantage."
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A more efficient system can be designed if the operating temperature
P

range is fairly narrow than if the drill must operate over the entire range

of -244 to ÷260"F. For operation at the lower temperatures, it win

probably be necessary to use heated bearings at the start of the drilling

operation. If the pressurizing gas boiling point above -244"F, it wiU also

have to be heated initially. Once the drill is operating, it should generate

sufficient thermal energyt 0 keep the bearings and pressurizing gas warm,

The entire day-versus-night drilling concept must be evaluated in

terms of the demands imposed by the entire lunar mission. Interference

with other measurements or operations may, in itself, dictate the time when

drilUng is carried Out.
: . o .

13. Heat Dissipation _

The dissipation of heat produced by the operation of electrical :

equipment, friction, or other work, will be almost entirely by radiation.

Therefore, all components which produce heat must operate at a temperature

well above that of the surface to which the 7 are radiating heat. During

the lunar night heat can be dissipated by radiation relatively easily. It may

even be desirable to minimize the radiative heat transfer to permit the

components to operate at an efficient temperature level.

During the lunar day radiation from the moon's surface is a more

serious problem than radiation directly from the sun, ref. 63 . Therefore,

the surface from which heat is to be rejected should be oriented parallel to

the lunar surface and insulated from this surface.

I

- °
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IV. PRLVLE MOVER CLASSIFICATION STUDY

A. Survey

The objective of this study was a survey of the prime mover field and

the determination of energy-power-weight relations that would find application

in the lunar drill unit development, -

A number of restrictive conditions were formulated, all in accordance

with the lunar drill philosophy: ..... , ............

a. Relatively low power converters were considered, most of them in

the I/2- to 2-hprange. . , . - * " '"

b. Airborne machines specially designed for aircraft and missile

appication were examined. . . . • .

c. Only the maximum values operating efficiency were considered.

d. Only equipment designed for continuous operation was studied, thus

eliminating, a great number of high-performance, intermittent-duty-
cycle (15 sec-on, 5 min-oH, for instance} electric motors. Lunar

drill systems considerations indicate that frequent "duty cycling
is undesirable. Reliability, sampling techniques, variation in drill

- speed during starting and stopping, andtemperature control all
argue against a prime-mover-dictated, short-time-interval

;. operational cycle. Therefore, a continuous operation is arbitrarily
• defined as one which allows at least 5 rain of component operating
" time. ;. - .-

• " t

Literature search and data requests sent out to 120 electric,
t

pneumatic, hydraulic, auxiliary power gas generator unit manufacturers,

formed the basis for this study.. Tabulated data appears in Appendix C of

this report.. .
= . '.

" - • . d-

I. Electric _Mot_rs ."

Nineteen a-c and d-c motors, manufactured by flve companies

(Eemco,. western Gear, AIResearch, Dalmotor, Hyctro-Drive} were studied.

The results are summarized in the weis':t-vs-output-power plot, Fig. 59.

Two dominant parameters are speed andvoltage. An increase in either

or both tends to give lower specific weight (weight per horsepower) values.

Generally, a-c motors feature lower specific weight than comparable d-c

units. Both a-c and d-c motors operate on an average 72% efficiency

value.
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ELECTRIC MOTORS:

WEIGHT VS. POWER

------- A

_g_I D

Ou_lXit Hp
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Z. Pneumatic Motors
Y

AU pneumatic motors featured output shaft reduction gearing. The

weight-horsepower analysis pertainn to the testing state of the unit.

Thirteen machines from Gardner-Denver, Bendix and AiResearch were

analyzed (Fig. 60)° Three motor types were considered: axial piston motor,

which can be stalled without any subsequent damage;" vane motor; nutatin I

disc motor which is a recent development, especially aimed at higher power

levels. Generally,: at a constant speed air consumption increases with output

horsepower. The limiting low weight-horsepower combination studied was,

the I-lb at 0.1Z3-hp. A pneumatic motor application would involve frequent

cycling requirements, the limiting factor being the capacity of compressed

and recycled g_s. ,

3. Hydraulic Motors
o

Hydraulic motors and pumps were assumed to be interchangeable.

This is generally the case _Ithough minor modifications maybe required.

Nine units manufactured by Yikers and Cornelius were included in the

study. (F.ig. 61).

An increase in operating pressure results in appreciable specific

weight savings, while an increase in fluid flow rate tends to increase power

output. Hydraulic units are applicable to relatively high power levels,

{the industry does not feature anything below I hp). The units are efficient

{average efficiencies: 90_}. The lunar drill application will require short-

time cycling operation.

4. Gas Generators

Little dat_ was obtained on this topic. Data was received from

Vickers, Olin Mathieson, and Walter Kidde. A literature search, conducted

in periodicals and the ASTIA Library provided a knowledge of the state of the

art.

i

\

" o ": . .
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PNEUMATIC MOTORS
WEIGHT VS. POWER
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Many existing solid propel!Rnt or hydrogen-oxygen systems are of

very limited power and duration or remain in the early development phases.

Some gas generators could be used to pressurize expended pneumatic or

hydraulic systems tanks at a prohibitive weight penalty.

It may be generalized that the weight of the hardware is significant

for very short operating time intervals only. With longer Operating tiraen,

propeUant weight is of dominant importance. Hardware weights are not

yet available for system weight calculations. Several systems weights vs.

duration presented below for I and 3 hp units consider only propenant

weights.

At the 1-lip range which is of most interest to the present t_tsk

Fig. 63 indicates that a hydrazine motor would deliver 1 hp-hr of energy

at approximately a 15- to 25-Ib weight level. At higher power levels

(3 llp, Fig. 64), a minimum weight of 30 lb can be attained with a hydrogen-

oxygen motor.

A positive displacement hydrogen-oxygen engine is being developed

by Vickers0 Inc. Preliminary weight data for a complete system (Including

engine, fuel0 tankage, electric generator, and controls)are given in

Fig. 6?-

In view of the information studied, it n_y be concluded that as of now

no economical, hot gas power system exists that is suitable for immediat@

lunar driU application. However, excellent possibilities are in view for

future applications.

t

AIIHOUI IIESEAIICN I_OUN DATION OF ILLIMOII INSTITUTE O1_ T|¢H IIOLOGV

- 163 - ARF 8208-6
Final Report



....-" C/ /

i

i

ASl4OUl

VICKERS' }I"YDROGEN-OXYGEN POSITIVE

DISPLACEMENT ENGIN E
. , o -

 ,oo0f

1H"

• o : ° .

System Performance
Based on ExperLmental"
Program •

Est[rnated Performance

0. 1 1.0 10 100 1000 ,
: :" - . =

Duration, Hr . Fig. ()2 ..

.e..

,%

WEIGHT COMPARISON OF, AUXILI_Y POWER ""
:e .

SYSTE/_ FOR SPACECRAFT AT .1 HP. LEVEL

_.looo F
= I . /

-'_ H),_razine TurbLne_ /" ,J

,oor

10 _"_'HydrazLne MOtOr

i X _ Solid PropelL_ Mot=

0.01 0. 1 1.0 10 100 1000

Duratto_ Hr
Fig. 65

WEIGHT COMPARISON OF AUXILIARY POWER

I O, 000

9°°° /_ soltdp.op,,_-...,_/,.,

,oo _ / / j ..,/_ Hz ÷ 0 z

o _::_f.._,.._....,s
10 t !I

SYSTEMS FOR SPACECRAFT AT 3 HP LEVEL

0.01 0.1 hO 10 100 1000

Mogog

Duration, Ha" Fig. 64

Ill;SEA|CH I:OUN DATION 01: ILLINOIS INSTITUTE OF TECHNOLOGY

- 164 - ARF 8208-6
Final Report



:....... 13

B. Comparisons of Systems

A prime mover comparison chart is presented in Fig. 65. The dat_

indicate that pneun._, tic axial piston type motors are comparable to electric

motors, and pneumatic vane type to hydraulic motors, respectively. Dat_

for this plot was taken directly from the individual classification plots.

The results are in quantitative agreement with the summary gathered by

C. K. Trotman {Kef. 45 ), Fig. 66, for higher power levels. Three other

plots (Fig. 67, 68, 69) are included from the same article, with the hope that

they may help to n_p out the field outside the immediate interest range..

A complete picture cannot be presented, however by ._nparing onl F

the motor units. Hydraulic, pneiamatic power systems require motors,

pumps, compressors, storage vessels - Just to name a few other components.

In view of the above considerations, Fig. 70 was prepared, presenting

several power level weights for each type of system.

I. Electric Motor

A constant 3-1b reduction gearing weight correction was introduced

in the high-speed electric motor data, and a weight penalty for the electric

power source was not included. The weight requirements for a number of

complete electrical systems are shown below.
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PRIME MOVER SYSTEMS COMPARISON:

WEIGHT VS. POWER
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Power Type Speed Weight of
hp rpm Motor

Ib

As sumed Weight
of Reduction

G earing
lb

Total Weight
Ib

1/4 115/208v a-c 11,500 Z.Z 3

1 14 28-v d-c 11,700 4 :3

1/Z 115/208-v 11,500 3. 5 3
a.-¢

1/2 27-v d-c 8, 000 6 3

1 115 -v a -c 11,500 6 $

1 28-v d-c 1 Z, 000 11 $
Lm

1 - 1/Z I 15-v a-c 1 ?., 500 ? 3

l-l/Z l15-v d-c IZ, 500 ? 3

6. S

9.0
ii i

• o ,_

14

lZ

lZ

Z. Pneumatic Systems

"" Because the type of gas and the length of the operating cycle in/luences

the capacity of the storage vessels, the two items were not considered in

the systems analysis. The system then was visualized to be made up of the

pneumatic motor, reduction gearing, compressor (equivalent in weight to

the I/Z hp pneumatic motor} and an electric motor to drive the compressor.

The resuL1ting system weight for typical pneumatic units is shown below.

Power Speed Weight of Gearing Compressor Electric Gas Tanks Total

hp rpm Penetration Ib 11) Motors Supply Ib Weight
Motor Ib 11) lb

lb

1 IZ 500 7 1 7 ? - - 24

1 500 14 1 7 0 - - 31

1 - I/Z 1O0 Zl 1 7 ? - - 38

¢
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3. Hydraulic S),stems

Because hydraulic systems are available Only at power, level s greater
_- . o .

than I hp only the weight of a I hp system was found. Again, weights of

hydraulic fluid and storage vessels were not taken into account. The system

studied co.nsisted of a hydraulic motor, a hydraulic motorpurnp, an electric

motor, and reduction gearing. Weight calculations are shown below.

Power Speed Hydraulic Gearing Motorpump Electric Hydraulic Tanks Total
hp Ib Motor Ib Ib Motor Fluid Ib Weight
: _ lb • _ lb lb lb

I. 25 800 I I I " 9 - - IZ

• ° •

.4. Conclusions ' : " _ "

The analysis indicates that an electrically powered motor is the most

desirable prime mover of the types considered. From the prime mover

systems point of view {Fig. 70), electric motors possess lowest weight to

power ratios to about l-hp range. At higher horsepower levels, other system

considerations may be of over-riding importance. When considering only

the prime mover (power converter} see Fig. 65, pneumatic vane motors give

the lowest specific weight values, to power levels of about I hp.
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V RECOM/vLENDATIONS FOR FUTURE RESEARCH

Before a lunar drill system can be designed with minimum weight and

maximum reliability, additional research is necessary in several areas.

For future geological exploration systems, further study is required.

The most important areas where data are lacking are:

I. Friction and lubrication

2. Metal fatiG_ze

3. Seal integrity

4. Properties of carbides under lunar environment

5. Drilling and chip removal in the lunar vacuum-temperature
environment

6. Optimization of the rotary impact drill shank configuration.

_he first three areas cover fundamental data necessary for any mechanical

system design for the lunar environment. Areas 4 and S will be generally

applicable to drilling systems, while item 0 is only applicable to a rotary-

impact drill using • long drill shank.

In futurelunar explorations, the drill may have to operate over •

period of.one or more months. This will necessitate data on the long-term

lunar environment effects, including the -Z44 to ÷260"F temperature variation.

In addition, radiation exposure and meteor strikes may be important considers-.
°

tions. It will also be necessary to develop a Lightweight, effect deep-hole

drilling system.

Data obtained in these areas, especially that of friction, lubrication

and metal fatigue, will be del)endent on the amount of outgassing the samples

undergo. _tudles made at pressures higher than 10 -9 mm Hg will not

stimulate the real effect of the outgassing because gas will rapidly be

reabsorbed on the sample surface. At a pressure of 10 -6 mm Hg. •

monomolecular layer of air will be absorbed on • clean surface in 1.6 sec.

while at 10 -9 mm of Hg. 23. 3 rain are required. For reliable data. all

these experiments should be conducted at pressure of 10 "? turn of Hg or lower.

In •ddition, the outjassing of the sample should simulate the most severe

time-temperature condition to which the components will be exposed.
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In the more distant future, geological exploration will be conducted on

the other .planets. To aid in preliminary payload and mission planning and to

determine what additional experimental work is required, studies on this

problem should be begun at the present time.

8
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APPENDIX A

DIMENSIONAL ANALYSIS

I. INTRODUCTION

To obtain data regarding the fundamental relations existing between

the various quantities which affect drill/ng performance, a dimensional

analysis of these quantities, based on the methods of Ref. 53. was carried

out. Details of this analysis are presented in this appendix. Both solid and

coring drills were analyzed. ..

II. SOLID DRILLS _ .

A. Dimensionless Parameters .
• • • •

The rock and drill characteristics which are considered to influence

the drilling problem are tabulated in Table A-|.

Table A-I

ROCK AND DRILL CHARACTERISTICS

Dimensional
Characteristic S vrnbol Unit Dimension Pararn_tars

Rock Strength r " lblin. 2 (F/L_ ¢

Rock Modulus E Ib/in. 2 (F/L _') " ¢ d2
d

Rock Density _ slugs/in. $ (FT z / L4)

Hole Diameter d in. (L) d

Hole Depth Z in. (L) d

Applied Load F Ib (F) d2o "

Drill Speed N rad/sec ( 1/T) N

Penetration Rate K in./8ec (L/T) d N

Power Input P in.-Ib/sec (FL/T) crd3N "

Developed Torque T in.-Ib (FL) _rd 3
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The basic variables in the drilling problem are assumed to be those

listed in Table A-L

Table A-2

BA3IC VARIABLES

Variable Symbol Dimension

Hole Diameter d o (L)

Rock Strength r {FI L2}

Drill Speed N ( 1/T)

The fundamental quantities of (F). (L), and (T) can be obtained from

these basic variables as:

iF} = o'd z (A-l)

(L) = d (x-z}

(T) = I[N (A-S}

When each o£ the rock and drill characteristics of Table A-I is

written in terms of Eq. A-I, A-2. A-3, the dimensional parameters of the

last column of that table are obtained.

From these dimensional parameters, a number o[ dimensionless

parameters may be derived. These parameters, obtained by multiplTlng

each of the dimensional parameters by the appropriate basic variables, are

tabulated in Table A-$.

J

/

i

i
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Table A-3

DIMENSIONLESS PARA.METERS

Parameter

11"1

%

_r4

• • -..

Value ..

E/o- _ ; ' "

' t_dN'/_"
Zld . _.. .

FldZ_ ,-..

•Rt,_

x"

\ ..

B. Functional Relationships

Reference 53 indicates that for a system of three basic variables.

three relationships of the type.

may be established, where _ indicates a functional relation. .

An examination of the experimental data indicated that relations of '

the type Listed below, would best correlate the results obtained.

t

g p Fi.

_,: i: p z F
d-_. : '6 =" . _, _-r_

: o

(A-s}

(A-6)
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|.

i,
__iX;

|

I

(A-T)

T, and driU speed.Because power, P, is a function of drill torque,

N; if any two of the functions _S" 46' or 47 are found, the remaining one

Is determined. Therefore, _7 was not studied as such.

Reference 36 indicates that o", E, and p are interrelated fc)r most

rocks. Accordingly. it is assumed that 11" I = E/o- remains constant and

is of no significance i_" Lhe present analysis. Results of the present experi-

mental program showed no marked dependency of power and speed on the

"11"3 = z/d was as-depth at which driLLing was taking place. Therefore,

sumed to have no significance in the present analysis.

Equation A-S and A-6 may then be written as

]'5 [ e" z "o'- "d_
{A-S)

P = 461 DdZNZ d--2_--Io- "
{A-g)

These represent the equations used in the dimensionai analysis.

binations of rock and drill characteristics may be chosen, however, these

were found to correlate most closely with experimental results among those

tried.

Other coin-

111.. CORING DRILI..5

A. Dimensionless Parameters
• .: Oo

The dirnensional ana_lysis for coring dril/i is similar to that for solid

drillm. However, a number of modifications resulting from the difference in

drill geometries are introduced. These are listed below.

• . . •

- * ; - ;* .
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_ r_ "-n "i
:'_._. _ :...._-;,._ 1-,/,3

I." The d._!! performance is influenced by the relative values of the

inner and outer diameters of the cutting bit, do and d/, respectively.

2. A new characteristic, the total length of "cutting edge, _ , whose "
units are inches, and which has the dimension (L)..

3. A new dimensionless parameter was formed as shown below.

where, for the present case, _ is a multiple of 3/16,in., the length
of the drill bit insert.. o .

• ,

B. Functional Relationships - ; .....

I. Drill C-4 in Sandstone " " "

When these modifications are incorporated into Eq. A-8 and A-9,

these equations become "

, R L P(%z ";d/INz F- ...% : i% : _l- = .'5 "_ " -i%'-- d/_ '

'1 (A-10}

, = z=, [ p(%Z, diZiNZ F% o-i%3- _IN = '6 _ • ,%z. hzlo...

(A-Ill

It should be noted that the denominator of the middle term in Eq. A-

-I0 is (d - di) instead of as would result from an exace replace-

ment of the terms in Eq. A-8 and A-?. In either case, the results are the

same dimensionally, _owever, an improved correlation with experimental

data results with the choice made in Eq. A-10.'

The effect of cutting bit length, introduced into the equations for the

coring drills is pointed out in Appendix D.
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IM. NUMERICAL DATA

"The numerical data used in establishing the values of the functional

relations _5 and _6 in the main body of the report are tabulated below.

A. Drill C-4 in Sandstone

Table A-4

DIMEI_ISION_ PARAMETERS FOR DRILL C-4

IN SANDSTONE _I_

Load, 735 RPM 650 RPM 550 RPM

lb "n'4 _'S _4 "as _4 "n's

50 0.00715 0.000076 -- ......

80 0.0114 0.00069 0.0114 0.00071 0.0014 0.000755

lZO O. OI7Z 0.00157 O. OI7Z O. O013Z O. O17Z 0.00099

160 O. OZ$ 0.00025 0.023 0.00196 0.023 0.00116

l-/l-in, drill diameter

o" for sandstone = 7, 000 Ib/in. 2

If 11" 5 is plotted as a function of "IT4

of Table A-4. the results are straight lines.

tabulated in Table A-5.

for each of the rpm values

The slope of these lines is

Table A-5

SLOPE VERSUS RPM

FOR "ITs VENUS -n-i cuRv_

i

!
• l

All'lOUt

RPM Slope (m)

550 0.034Z

650 0.104

735 O. lS
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B. DriU C-8 in Granite -,

The results of Drill C-8 performance in granite are tabulated In

Table A-6. ..

Table A-6

PERFORMANCE OF DRILL C-8 IN GRANITE _11

Dr/]/D/a., RPM Penetration Rate,
in. in.lsec

m.,

1 Z50 0.0057

SO0 0.0

1.5 250 0.0048

500 0.000834

Z 250 0.00347

500 O. OOZ

I_/160-1b dr/]/loadlng

The number of tool hit inserts varied with drill diameter; this varia-

tion is shown in Table A-7.

Table A-?

NUMBER OF INSERTS VERSUS

DRILL DIAMETER, DRILL C-8

Dr/]/D/a., Insert Length,
in. in.

No. of Total Cuttin l

Inserts Length, in.

5 15116

6 918

8 31z

1 3116

1.5 3116

z 3116
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The values of the dimensionless parameters for Drill C-8 in granite

are shown in Table A-8.

Table A-8

DIMENSIONLESS PARAMETERS FOR
DRILL C-8 IN GRANITE

! ! II

1 250 0.00C58 0.62 x 10 -7

1. $ 250 0.000487 0.730 x 10 -7

• . 500 0. 000423 Z.. 94 x 10 -7

1 250 0.000345 0.98 x 10 "7

500 0.0001 3. 91 x 10 -7

i.

i

i.

S
I
!-
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APPENDIX B

PA_TR/C SYSTEMS ANALYSIS DATA

/ •

.

The results of the dril//ng tests used in the .parametric systems analy-

sls are tabulated below.
m

I. C-4 Drin in Sandstone ""

.e- "#

PenetraUon Rate. Pc_e_ /.oa_ Spee_ EnerKT.

in./***in watts 11) _ w -rxzin/in.

0.05 130 50 300 2600

0.25 ZOO 50 400 800

0.35 230 50 500 658

0.35 250 50 550 715
J

0.35 Z70 50 650 TT3

0.35 ZTO SO 735 773

Z.I 300 80 500 143

Z. 4 300 80 550 125

Z.8 330 80 650 118

3.0 370 80 735 123

3.1 530 80 900 171

Z. 6 640 80 1000 246 "

3.3 370- lZO 500- 11Z

3.4 420 120 550 123

5.4 480 120 650 89

7.5 490 lZO 735 67

Z.Z 450 140 500- Z04

4.0 5?.0 160 550. 130

8.0 570 160 650; 71.4

11.4 590 160 73Z 516

f,s_,

,+
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o C-8, l-in. Drill in Sandstone

Penetration l_tte,
in./rain

1.0

1.9

Z. 3

Z. 8

3.1

1.8

2.9

3.6

4.4

5.1

Z.O

3.3

3.5

3.0

1.3

Z. 4

3.6

4.4

4.9

4.9

Power, Load, Speed.

watts.. ------lb

170 50 350

230 50 500

32o 50 Soo
480 50 700

680 50 800

170 80 350-

210 80 500.

280 80 600

370 80 700

500 80 800

470 160 350

660 160 500.

770 160 600

840 160 700

880 160 800

200 120 350-

?.S0 120 500.

300 120 600.

430 120 700-

510 120 800

Energy,
- w-minli_

170

121

139

171

219

94. 5

72.4

77. 8

84. 1

98

235

ZOO

2ZO

280

676

83.4

69.5

• 88

104
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. C -8, 2-in. Drill in Sandstone

Penetration Rate, Power, Load,
in./rain watts Ib

0:4 230 50

0.4 _ Z60 50

0.45 290 50

0.45 33O 5O

O. 7 370 50

1.0 420 50

O. 55 290 80

1.5 320 80

Z. 4 370 80

5.25 660 80

Speed, Energ_

rpm w-min_n.

250 575

350 650

400 645

500 735

600 530

700 420

250 528

350 213

400 154

500 126

#/-/

4. C-8 Drills in Granite

_o I-in. Drill

0.41

0. 0353

0.0492

0.0208

0.0555

0. 148

b. I - 112-in. Drill

0.286

0.055

c. Z-in. Drill

O. 186

0.2

344 160 250 840

270 80 735 7650

362 160 500 7350

120 50 25O 5760

310 50 735 6500

3.02 50 500 1365

385 160

370 160

250 1350

500 6740

415 160 500 2230

400 160 250 2000

!
!
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APPENDIX C

PRIME MOVER CLASSIFICATION DATA

.,-,...

i

,kl......i

!

The characteristics of the va_ous prime movers analyzed during

the program are tabulated below.

I. Electric Motor8

Model Horse- Torque, Speed. Weight,

-------- power in.-Ib _ lb

EF__aCO

C-591-C 113 6 3, 600 11.5

C-7ZI-C 3/4 6.1 7, 900 6. 75

C-901-C l. 5 7. 5 12, 500 9.5

C-I033 3/4 I. 94 24, 000 2. 94

D-455 1.34 8 10, 500 12.0

C-104Z " II4 22 11, 700 3.87

C-851 1.5 7.5 12, 500 8.5

D-993 0. 65 4. 4 8, 800 6. Z

Western Gear

H-I35YH0 0.14 0.44 23, 000 2. 25

]H35YHII 0. 125 1.25 7, 300 2.6

IH35YHI5T I13 3. IZ II, 500 Z. ?

1H38YGZ 0.25 6.25 7, 500 9.0

AiResearch
• |,

6-14AD-Z 0.15 i.26

6-14A.-E-2 2.0 5.5

6-14B-C-30. 15 O. 75

7, 500 Z. 3

22, 900 11.0

12, 500 1.8

Voltage Efficiency,
5

IZDC 65

27DC 78

115 AC-DC 75

22 D(3 65

112 AC. 60 cps 75

28 I343 72

115 AC-DC 75

27 DC 72

zo8/1zo. 78
400 cps, 3 8

2081120, 70
400 cps. 3 gf

200, 400cps. 3_ 75

208/120, 85
400 ¢ps, 3

115 AC,

400 cps, I tl

Z08/IZ0,
400 cps, 3

26 DC

AtNOU| ItESEANCN I_OUN DATION OF ILLINOIS
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Model Horse- Torque, Speed, Weight,

power in. -Ib rpm Ib

Dalrnotor

SC-5 I. 0 4. T

SC-Z3 1/8 Z. 44

Hydro-A/re

A-174T 0.33

70-187 1/4,

lZ., 000

T, 100

11, 500

11, 500

10.8

5.5

Voltage

Z8 DC

ZT DC

115,
400 cps,

208/120,
400 cps,

. , •

Efficiency.
5

6Z

6Z

/
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3. Hydraulic Motor-Driven Pumps.

Outlet V Delivery, Input, Electrical Weight.
Model Pressure, gpm rpm Input, Ib

psi hp

Tickers

AA-19020 3000 1.0

,a_a_-19033 3000 Z. 6

_-19036 3000 0.85

#_a,-19523 2700 3.2

_-19054 1050 0.87

.A.A-60201 2750 2.9

.A.A.-60Z01 2750 3.5

8400 2.4 2:65

7600 6.8 2.5

2430 2.7 2.65

2050 7.0 8.9

8000 I.Z 1.0

3750 5.0 8.0

4500 5.5 8.0

*l_aximum efficiency.

4. Hydraulic Motors

Model Speed, s

Vicker8

MF-
3906-30

Cornelius

rpm .

Outpctt

hp

2600 44 1.8

63025- 2600 115
201-01

Pressure, W_ght, .Delivery,psi in.'/rev

3000 2.6 0.095

4. Z 3000 1.75 O. 253

Maximum efficiency.
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APPENDIX D

CORING DRILL PER.FORM3%NCE ANALYSIS ".-

. • , .
• ., - . 6. ° •

_ - • • , . . .°. ..

L . INTRODUCTION

In this Appendix the results of two analytical studies of corin E dr/]/

performance are summar/zed. The objectives of these analyses are the

investigation of possible drilling functions or models which would perm/t

the extrapolation of eXperhnental data, and to obtain a better understanding

of the drilLin E process itself.

0.9 in

teeth.

H. MODEL DEVELOPMENT. . " - : ' _, ; ".

A. Model Based on Load and Speed

The first approach attempted was based on the assumption that two

drills of different diameter but of the same type, would have the same per-

formance if they were both subjected to the same drill load per tooth and to

the same Linear cutting speed. Data for correlation purposes was available

for the C-8 drill, both l-in. dia. and Z-in. dia., in sandstone. The effective

drill tooth radius for the 1-in. drill is 0.4 in. and that for the Z-in. drill,

The l-in. driU has 5 cutting teeth, and the Z-in. drill, 8 cutting

The Linear velocity of the mean radius of the l-in. dr/]/is Y I =

Z. 5Z NI0 where NI corresponds to the rprn of the dr/]/. The corresponding

value for the Z-in. drill is %'Z = 5.65 N z.

For a drill loading of 50 11) and a speed of 80 rpm, the value of the

tooth loading for the l-in. dril/is I0 11), and V I = ZOZ0. Under these cond/-

tions, a penetration rate of $ in./min and a power consumption of 670 watts

was obtained. _

If the same drill loading per tooth is appLied to the 2-in. dr/ll, the

corresponding drill loading is 80 11). At the same Linear velocity, the rota-

tional speed is 356 rpm. From Fig. 26 , at an 80-1b drill loading and 350

.
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rpm, the penetration rate for the 2-in. drill was I. 5 in./mln, and the power

input 321 watts.

It is seen, therefore, that at identical tooth loading and mean tooth

velocities, penetration rates are different for the two drills. Accordingly,

it was decided that these two crlteri• were not basic in predicting the per°

formance of the drills.

B. Model Based on Curve Fitting Techniques .

As an alternative to the above, it was assumed that the law relatln|

penetration rate. R. to drill diameter. D, drill load, F. and drill speed,

CID ÷ CzF ÷ C3N+ C4 D2 + CsFZ ÷C6N2 + CTDF ÷ CsDN

D 3 F 3
+ CgFN 4- CI0 ÷ CII ÷ ..... CI?FDN.

Data from 19 points of the C-8 drill performance map was inserted in this

equation to obtain 19 simultaneous equations in the Constants CI. The system

was solved on a Univac 1105. using Crout's method. Unfortunately. the

choice of points was such that the resulting equ•tlons were not independent

and no solution was obtained.

A new attempt at solution using different data points should provide

the proper values for the constants C I. A similar method should provide •

law relating the power input to D. F. and N.
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APPENDIX E

GAS FLOW THROUGH A NARROW ANNULUS

1. Introduction

The derivation below is based on the PcisseUe equation for flow

through an annulus and on the kinetic theory of gases, Ref. 6Z and Tl.

An equation is derived for the leakage of gas through a simple seal assumed

to consist of a narrow annulus of inner radius b. outer radius a. and length

L. End effects or entrance and exit losses are neglected. They may be

accounted for by replacing the actual length, e, by an equivalent length that

produces the same effect as the seal. Because of the very low pressures

involved, turbulent flow will not occur.

2. Nomenclature

a " Z

b =

L =

V 0 =

Q

g

Pm

outer radius, f_

inner radius, ft

length, ft

velocity of the fluid at the wa/ls, ft/sec

= velocity of the fluid, ft/sec

= 32. 2 ft/sec z

= viscosity, Iblft-sec

: mean pressure, Ib/ft 2

_m = mean free molecular path, ft

DO = gas density, at unit pressure. Ib/ft $

r = radius of the annules, ft.

3. .Analysis

If the force tangent to the wall of the. annulus and parallel to the axis

of the annulus is assumed proportional to both Uo, the velocity, at the wall.

and A w, the sumacs area of the wall. this force is "

K
" T" Oo% " -(1)
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If U is the same at the inner and the outer walls of the annulus, the force
o

F is given by

F = Ku (Zfi'ad£ + ZITodl)
o

i " • " • "0 "

z1"ia + b) X__ u dr.
g o

(z)

If the fluid undergoes a pressure drop of dp as it moves a distance

dl. the unbalanced pressure force acting on an element of fluid of length d[

and cross-sectlonal area A is

F' = -Adp. (3)

This may be written as

F' = ff(a 2-b 2) dp.

For equ/_ibriunx, ....
• •

(4)

F _ F g •

Equation 4 may be set equa/to Eq. 2 to obtain

K U0d[_(a z-b 2) alp = 2_T(a+b) _--

Equation 5 may be solved for U O or,

Uo = _b_g_.

From Ref. 77, the ratio of the viscosity/c_ to K is given by

(s)

(6)

. o - .. ,

whereii - O_i' the fracUon of the r_olecule, ,tr_ng the wan of the =_.-_u,
that would he specularly reflected, and _ m is the mean free path of the gas

molecules at the mean pressure, Pro" From the kinetic theory of gases, l_ef.

2. the mean free path may be written as
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i

= _ Pm '
{8)

where po is the gas density at unit pressure.

If Eq. 7 and 8 are substituted into Eq. 6. the velocity may be written

(9}

The differential equation for !arnlnar flow through an annulus is glven

o, (10)

by (Ref.6:,)

'_" + _" =

Ill}
• o

10 and integrating the result., the roll--in 8 equation is obtained:

where I.- ,Is the shear stress in the field at the radius r.

By substituting Newton's law of-viscosity0

q-= /_ du
•

into Eq.

U = Alnr+B
T-o_

where A and B are constants of integration.

" The boundary, conditions.: ... . :..

. . ,. _i

12 and the result solved for

o.

x • . . .

U to obtain:

(lZ)

(13)
r= • a-- U o-

rob U=U O .

are substituted into Eq.

(-' )(.z. bZ_ (14)
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The flow rate Q through the annulus is given by the equation..

•O = zITr adr. (15)
S

When the value of U from Eq. 14 is inserted in F_q. 15 and the result Is

integrated, the flow rate is found to be . . . .

• [ 1- In a/b + Tr.(an "bz} Us " 1161

The value o_ U o. from Eq. 9 may be substituted in Eq. 16 with the result

Equation 17 can be written as

O = A B+-_m .

8

(IT)

• (18)

where A. B. and C depend on the cross section of the znnulus and the type

and temperature of the gas under consideration.

At low pressures d p/d£ is not a constant over the entire length of

the annulus, and, therefore, the equation may not be integrated directly.

%

An approximate solution for Eq.- 18 can be obtained by evaluating the

term {B ÷ _ ) for various values of Pm and plotting the results against
Pm

Pro" ..

The respiting curve may be divided into three portions:

I. That part " which C_Pm is much larger than B. and B may be
.. neglected _n comparison.

Z. That in which B and C/p._ are of the same orders of magnitude
and both m.ust be consider_L

3: That in which B is much larger than C/pro. and C/pro can be
neglected in comparison.
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The first condition ahoy? corresponds to molecular flow. Here, the

energy used is a function of the number of colHsions between the molecu]es

and the wall. The third condition represents the usual lamlnar flow case

where the energy used is considered to be only a function of the number of

coll/sions between molecules. The Second rondition is the "sllp flow" re-

gion, R_. I, where both intermolecular collisions and collision with the

wall are in_luenclng factors. By use of a ._-_ean pressure for each flow con-

dition and knowing the overali init/al and final pressures, the initla/and f/hal

pressures for each condition can be obtained from the following:

Pol+
Pm I - Z ' '

,'oz÷
Pm 2 2

P°)÷

Pm 3 .7.

(19).

(zo)

(Zl)

the relationIf dpldL is assumed constant over each condition,

"%'*nn [n , where n = I, 2, 3

may be written. The quantity 0 at each condition may be found from Eq.

18 through Zl to be

Qn = A" Jt,n - "

(zz)

(Z3)

\

!
!

Because_'t= - I.. thismaybewrittenast I ÷_ + _. whilofor
continuity plOl - pZOZ = p 3 03 = W. The following four equa.tion8

result:

•w = x " (P°l pill B + "Poj,+ Ptl
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z -Pf2 IB + Poz2+CPfZ).W -- A_ (P°Z

where L1 +54"I 3 = L

These are treated as four equations with four unknowns,

these equations slmulta_eously, the value of W,

determined,

(7.5)

(Z6)

and by. solvln s

the weight flow. m_y be

:I

J

qS
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